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Biotribology deals with all aspects of tribology concerned with biological systems. It is one of the most exciting and rapidly growing areas of
tribology. It is recognised as one of the most important considerations in many biological systems as to the understanding of how our natural
systems work as well as how diseases are developed and how medical interventions should be applied. Tribological studies associated with biological
systems are reviewed in this paper. A brief history, classiﬁcation as well as current focuses on biotribology research are analysed according to typical
papers from selected journals and presentations from a number of important conferences in this area. Progress in joint tribology, skin tribology and
oral tribology as well as other representative biological systems is presented. Some remarks are drawn and prospects are discussed.
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The word “biotribology” was ﬁrstly used and deﬁned by
Dowson in 1970 as “those aspects of tribology concerned with
biological systems” [1]. However, many investigations and
practices were reported on friction, wear and lubrication
of bio-systems long before the concept of biotribology was
introduced.
Currently, biotribology is one of the most exciting and rapidly
growing areas of tribology. The range of research activities is
immense and spans many scientiﬁc ﬁelds. Biotribology has beener of counts (a) and number of citations (b) in the last 20 years,
on 7 February, 2015.one of the most studied and active research areas in the ﬁeld of
tribology. The aim of this paper is to review the current status of
biotribology research and highlight future directions. Three
speciﬁc examples of biotribology research are considered; joint,
skin and dental, while other areas are brieﬂy discussed.
There are a great number of papers on biotribology in
various journals. A simple search on Web of Science (searched
on 7 Feb 2015), using topic (TS) as (BIOTRIBOLOn OR
BIO-TRIBOLOn) and including all years, shows that the total
counts amounted to 422 and the number of counts has
increased signiﬁcantly since 1996 (Fig. 1a). Of course itsearched on Web of Science, using topic (TS) as (BIOTRIBOLO* or BIO-
Table 2
Topics and number of presentations from two international conferences on







Joint tribology 47 48
Skin tribology 26 13
Oral tribology 10 11
Tribology of the other human
bodies or tissues
18 11
Medical Devices 4 2
Animal Tribology 0 4
Others: review, etc 10 16
Total number of oral
presentations
115 105
Z.R. Zhou, Z.M. Jin / Biosurface and Biotribology 1 (2015) 3–24 5should be pointed out that the actual number of counts should
be much greater than 422 since there are many other studies
where alternative subject names are used. The number of
citations has also steadily increased as shown in Fig. 1b.
A number of useful review papers have been written on the
subject, for example [1] and others in the reference list, as well
as many special issues as discussed below.
Recently, several special issues on biotribology, oral and
dental tribology have been published in tribology journals
[2–4]. In addition, about 10 scientiﬁc books or edited volumes
such as Advance in Medical Tribology, Human Joints and
Their Artiﬁcial Replacements, Bioengineering of the Skin,
Biological Micro- and Nano-tribology, Dental Biotribology
have been written on this subject since the 1970s [5–10].
Many oral presentations and sessions on the topic of
biotribology have been made and organised at international
conferences. A number of international forums, workshops
and symposia have been held on biotribology or related to
biotribology. For example, in 1967, the symposium on
Lubrication and Wear in Living and Artiﬁcial Human Joints
was arranged and held in London by the Institution of
Mechanical Engineers in collaboration with the British Ortho-
paedic Association, which attracted over 160 delegates (The
Institution of Mechanical Engineers 1967) [11]. In 1996, a
report from a workshop on dental tribology by Lloyd et al. [12]
was published. Eighty delegates contributed to a valuable
discussion, the purpose of which was to bring together
tribologists, clinicians and dental material scientists to gather
to discuss the fundamental mechanisms of wear and how to
obtain manifestations and conduct measurements of wear in
dentistry [12]. After that, more and more symposia, forums,
and conference sessions have been organised. For instance, the
1st Vienna Symposium on Biomechanical Engineering was
organised during the 2nd World Congress on Tribology in
2001, the Symposium on Human-related Tribology during the
4th World Congress on Tribology in 2009. The skin tribology
stream at the Wear of Materials conference has been running
for many years. A number of International Biotribology
Forums were held too [13–18]. However, the meeting of the
largest scale was the International Conference on Biotribology
(ICoBT) held in London (UK, 2011) and in Toronto (Canada,
2014) [19,20]. A total of 175 and 163 abstracts on variousTable 1
Classiﬁcations of representative biotribology research and associated research focu
Classiﬁcation type Major investigations
Joint tribology Hip joint; knee joint; articular cartilage; joint
Skin tribology Skin friction-induced perception; skin care; s
devices, shoes, socks) for daily use, various m
and grip of objects; skin irritation and discom
Oral tribology Natural teeth; tongue; mandibular joints; sali
Tribology of the other human bodies
or tissues
Hairs; bone; cells; contact lenses; ocular surf
Medical devices Scalpel; operation forceps; urinary catherters
Animal tribology Gecko adhesion; animal locomotion; pangolin
beetle, butterﬂy's wing; seashell; snails; etc.
Plant tribology Lotus leaf; diatoms; etc.subjects such as joint tribology, skin tribology, oral tribology,
tribology of other human bodies or tissues, medical devices,
animal tribology were received from over 20 countries.
As more and more investigations are performed in this area, two
journals titled “Biosurface and Biotribology” and “Biotribology”
have just been launched recently in response to the requirement for
establishing an exchange platform for biotribologists.2. Classiﬁcations and focuses of current research
It seems difﬁcult to classify current investigations on bio-
tribology. However, the following categorisation may be
generally accepted according to different subjects or systems
from various conferences or journals. Table 1 shows typical,
representative keywords and areas within biotribology.
A brief investigation using a simple statistical analysis may
offer useful information through keywords searches from
various journals and conferences. The number of publications
on biotribology has increased as illustrated in Fig. 1a. The
United States, China, Japan, United Kingdom, and Germany
are the ﬁve countries with most publications. In addition,
research ﬁelds are expanding from human tribology to other
subjects.
Detailed analyses on the last two international conferences
on Biotribology ICoBTs (19–20) were carried out. The numberses.
ﬂuid; restorative materials of joints; implant interfaces; etc.
ynthetic skin; skin in contact with articles (such as tactile texture, shaving
edical as well as sport devices, medical and cosmetic treatment; skin friction
fort; etc.
va; implant teeth; toothpaste; swallow; dental restorative materials; etc.
aces; capillary blood ﬂow; etc.
; gastroscope, artiﬁcial cardiovascular system; medical gloves; etc.
scale; skin of ﬁsh and shark; feather of birds; water strider; earthworm; ants;
Z.R. Zhou, Z.M. Jin / Biosurface and Biotribology 1 (2015) 3–246of oral presentations vs. different topics was analysed, with an
attempt to be indicative of current research focuses as shown in
Table 2. It is clear from Table 2 that about 40% of abstracts
focused on joint tribology. This is consistent with the current
major focuses on joint systems. Presentations on skin and oral
tribology represented about 20% and 10%, respectively, and
are the other two important topics of biotribology. In addition,
there were some investigations on other human bodies or
tissues, such as hairs, bone, and contact lenses. Finally, some
studies on both medical devices and animals emerged from
presentations during these conferences.
3. Joint tribology
One of the most important functions of the human muscu-
loskeletal system (MSK) is the ability to move whilst we carry
out daily activities, which directly affects quality of life. One
of the key components in the MSK system is the synovial
joint, such as the hip and the knee. These natural joints are
remarkable bearings in engineering terms; to function in the
human body for a lifetime whilst transmitting large dynamic
loads and yet accommodating a wide range of movements.
However, diseases such as osteoarthritis, rheumatoid arthritis
and trauma sometimes require these natural bearings to be
replaced by artiﬁcial ones. Currently, well over 1 million joint
replacements are carried out every year world-wide [2].
Tribological principles play an important role in the under-
standing of how natural synovial joints operate and fail, as well
as how artiﬁcial joints should be designed.
Tribological studies of natural synovial joints and joint
replacements are usually carried out in terms of friction, wear
and lubrication, with speciﬁc considerations of the biological
natures of the joint system. Friction studies of the joint system
have been conducted to understand underlying tribological
mechanisms, while lubrication analysis and modelling is
usually performed to provide further insights. Wear study
is usually the most important, since it directly affects the life
of natural and replaced joints. However, wear studies are
generally time consuming and expensive, and therefore are
supplemented by friction and lubrication studies. Although
experimental approaches are usually adopted in the tribo-
logical studies of the joints, alternative analytical and compu-
tational approaches are equally important. Tribological studies
of natural synovial joints and artiﬁcial replacements should
integrate friction, wear and lubrication as well as both experi-
mental and computational approaches. Furthermore, the impor-
tance of biological considerations of the joints should be
recognised; for example, wear debris from joint implants may
cause adverse tissue reactions, and retrieval analysis of failed
joint implants may provide important guidance on the failure
mechanism.
3.1. Natural synovial joints
The natural synovial joints are examples of excellent
tribological systems. The bearing surfaces are articular carti-
lage, while the lubricant is synovial ﬂuid. Articular cartilage isgenerally described as biphasic; consisting of both solid (such
as collagen ﬁbres, and ground substance rich in proteoglycan)
and ﬂuid phases. These unique biphasic properties are impor-
tant considerations for the lubrication mechanisms in the
synovial joint. In addition, synovial ﬂuid has a number of
important constituents, such as hyaluronic acid and lubricin,
which are important for lubrication of the joints. The dynamic
mechanical environment of the load and speed are also
important considerations when the tribological mechanism is
considered.
Lubrication studies of synovial joints have been carried out
for well over three centuries, since the ﬁrst reference on the
subject was made in 1743 [21]. The concept of ﬂuid ﬁlm
lubrication was ﬁrstly proposed by Reynolds in 1886 [22].
Signiﬁcant attention to the lubrication mechanism in natural
synovial joints was received in the 1950–60s as a result of the
development of artiﬁcial joints. Since then many lubrication
theories have been proposed and developed, including
weeping, boosted, boundary, ﬂuid ﬁlm (elastohydrodynamic,
squeeze-ﬁlm, micro-elastohydrodynamic), biphasic etc. A
number of useful review papers have been written on this
subject [23–28]. It is not unreasonable to assume that a multi-
mode of lubrication mechanisms exists to accommodate the
wide range of loading and motion experienced in the natural
synovial joints [29].
One of the key lubrication mechanisms associated with
biphasic articular cartilage is the ﬂuid load support due to its
ﬂuid phase. Experimental studies have shown that frictional
coefﬁcient of a cartilage pin against a metallic counterface
increased as the loading time increased [30,31]. A simple ﬁnite
element analysis of the biphasic load support was conducted to
explain the frictional rise as the loading time increased [32].
A general theoretical analysis was presented on the ﬂuid load
support and the corresponding friction coefﬁcients [26]. It is
now generally accepted that ﬂuid inside articular cartilage is
squeezed out under loading and consequently lubricates the
cartilage surface. The ﬂuid squeezed out is a function of the
loading time and decreases as a result of the loading time
increases. This is consistent with the friction–loading time
relationship as observed experimentally. Other important
factors that affect the biphasic lubrication mechanism include
migrating contact area [33,34] and cartilage structure [35].
Current research in this area focuses on the development of
robust software that can handle the complicated contact
problems between biphasic cartilage surfaces [36,37], whole
joint models of the hip [38,39], and the knee [40,41], and
experimental validation [42,43].
The boundary lubrication mechanism of articular cartilage is
equally important. A number of important lubricating consti-
tuents have been identiﬁed, including high viscosity hyaluronic
acid, glycoprotein and lipid. The effect of hyaluronic acid
alone on the boundary lubrication of cartilage has been found
to be negligibly small [44]. More recent studies have focused
on speciﬁcally a surface-active mucinous glycoprotein, namely
lubricin and surface-active phospholipids (dipalmitoylphospha-
tidylcholine, DPPC). A number of studies have identiﬁed and
characterised the structure of lubricin in its relationship
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functions as molecular brushes [45]. The role of lipids in
lubricating both natural synovial joints and artiﬁcial replace-
ments has long been recognised by Hills and colleagues,
who hypothesised that a lamellar phospholipid adsorbed
to the articular surface contributes to joint lubrication [24].
Currently, there are still debates on the exact role of the
boundary lubricating constituents. It appears that a synergistic
combination of different constituents in synovial ﬂuid is
essential, as demonstrated in the experimental studies by
Schmidt et al. (2007) [46], Yarimitsu et al (2009) [47] and
Seror et al (2012) [48].
An alternative lubrication mechanism has also been pro-
posed for the lubrication of articular cartilage, based on the
observation of an amorphous surface layer on the cartilage
surfaces. Different names have been used to describe such a
lubrication mechanism, including gel layer, hydration layer or
brush layer lubrication. It is hypothesised that the chondroitin-
or keratin-sulphates composing the leaves of the proteoglycan
subunit are hydrated and thereby provide an effective lubricat-
ing layer. Seror et al (2012) [48] have also shown that it is
possible to create such a brush layer on an optically smooth
mica surface using hyaluronan/aggrecan complexes stabilised
by cartilage link protein and exceedingly low friction has been
measured.
Despite the signiﬁcant efforts, the current understanding of
lubrication mechanisms in synovial joints is still incomplete.
It is generally accepted that a mixed mode of lubrication
mechanisms operates in natural synovial joints [29].
3.2. Artiﬁcial replacements
Artiﬁcial joints are used to treat joint diseases such as
osteoarthritis and trauma. Friction, lubrication and wear studies
of artiﬁcial joints are important considerations to optimise the
performance of these man-made bearings to improve clinical
functions. Currently, the major clinical problem associated
with artiﬁcial joints is loosening of the prosthetic components,
mainly as a result of wear debris-induced adverse biological
reactions. Wear debris is largely generated at the articulating
surfaces as well as at the ﬁxation interfaces (either between
biomaterials such as the modular connection between prosthe-
tic components or between a biomaterial and bone). In
addition, metallic ions may be released as a result of corrosion.
All these may result in adverse biological reactions, potentially
leading to bone loss and osteolysis and pseudotumour.
Furthermore, artiﬁcial joints are implanted in patients by
surgeons, and therefore patient-speciﬁc variations of anatomy
and loading/motion and surgical techniques may well affect
how the joint implant functions in the body. It is important that
tribological studies be combined with biological and clinical
studies of artiﬁcial joints.
Different biomaterials have been developed in various
combinations to reduce wear and wear debris generation in
artiﬁcial joints. Currently, the majority of artiﬁcial joints utilise
a material combination of ultra high molecular weight poly-
ethylene (UHMWPE) against cobalt–chromium counterfacefor both the hip and the knee joint. The UHMWPE used
currently is generally highly cross-linked (either physically or
chemically) and the current effort is to improve its stability by
adding vitamin E and other anti-oxidant additives [49]. Other
material combinations for the hip joint include UHMWPE-on-
ceramic and ceramic-on-ceramic. Alumina has been mainly
used before, but more recently zirconia-toughened alumina has
been extensively introduced to improve toughness and wear
resistance, particularly under adverse edge contact conditions
[50]. Metal-on-metal bearings have also been used, but more
recent studies have shown variable success rates and therefore
have largely been abandoned at the present time [51]. Design
factors as well as surgical and patient variables can all
contribute to the failure of metal-on-metal hip implants.
A number of review papers have been written on the tribology
of different materials combinations for artiﬁcial hip joints
[23,52–58]. In addition to these clinically-used bearings, other
novel biomaterial combinations such as PEEK, ceramic-on-
metal and new ceramics materials are also being investigated.
A number of important factors have been recognised to
inﬂuence wear of artiﬁcial joints, including bearing materials
combinations, design and patients/surgical factors. Bearing
materials combinations have been shown to be the major
factor on the wear performance of artiﬁcial joints. Highly
cross-linked UHMWPE against a metallic or a ceramic
counterface has been shown to reduce wear volume between
60% and 80%, compared with conventional UHMWPE, in
laboratory and to a less extent in clinical retrieved prostheses.
The use of a ceramic counterface may reduce wear even
further due to the smoother surface and the more abrasive-
resistance, as compared with a metallic counterface. Ceramic-
on-ceramic combinations produce least wear among the
materials combinations currently used clinically, particularly
when the zirconia toughened alumina ceramics are used.
Metal-on-metal bearing surfaces can also produce low wear,
but only under an ideal lubrication condition when the contact
occurs primarily within the metallic cup. Under adverse
lubrication conditions such as when the cup is positioned too
vertically or under micro-separation and the edge contact
occurs at the metallic cup, signiﬁcantly high wear rates have
been reported. Since such a lubrication condition depends on
the implant design as well as the patient and the surgeon,
variable wear rates and success outcomes have been inevitably
reported clinically. This has led to the current withdrawal of
the majority of metal-on-metal implants from clinical use.
Implant designs also play an important role in the wear
of bearing surfaces. The most important design parameter in
the hip joint is the femoral head radius. Generally speaking,
a larger femoral head radius is more favourable in terms
of biomechanics, but can lead to an increase in the sliding
distance. Under boundary lubrication conditions such as in the
UHMWPE-on-metal combinations, such an increase results in
an increased wear volume. Another important design factor is
the conformity between the two articulating surfaces. For the
hip implant, the conformity mainly depends on the radial
clearance between the femoral head and the acetabular cup,
while for the knee implant, the radii of the femoral and tibial
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conformity is required to minimise the contact stress at the
bearing surfaces. However, more recent studies have shown
that too much conformation of contact surfaces may increase
contact area and consequently wear [59,60]. Wear of artiﬁcial
joints also depends signiﬁcantly on patients and surgical
factors. It is particularly challenging to address these factors
in tribological studies due to the patient-speciﬁc nature of the
loading and the motion, and the variability of both the patient
and the surgeon. Different loading and motion patterns can
produce different cross-shear motions, which directly affect
UHMWPE wear [61].
3.3. Future developments
Signiﬁcant progress has been made in the understanding of
the tribological mechanisms of the natural synovial joint and in
the application of these engineering principles to improve the
function of artiﬁcial joints. Currently, major efforts are still
devoted to minimising wear and to increasing the lifespan of
the prosthesis. An alternative approach is to delay joint
replacement by introducing early interventions such as carti-
lage repair and regeneration. All these mean that tribological
studies of both the natural synovial joints and artiﬁcial
replacements may even play an increased role in the future.
Different lubrication mechanisms have been proposed for
the natural synovial joints. A complete understanding of the
exact lubrication mechanism in these natural bearings still
eludes us. Although it is generally accepted that a mixed mode
of lubrication mechanisms operates under different conditions,
it remains necessary to quantify such speciﬁc conditions. It is
essential to model the full spectrum of the lubrication
mechanisms from boundary to full ﬂuid ﬁlm in the natural
synovial joints and identify conditions when a particular
mechanism would dominate. It remains challenging to incor-
porate the biphasic deformation of articular cartilage into the
lubrication modelling as well as the consideration of boundary
lubrication mechanism.
Early and conservative treatment to replace, repair or even
regenerate cartilage is a promising future development to treat
joint diseases. It is important to optimise the tribology
properties of biomaterials as well as to ensure that natural
cartilage is protected [62,63] and effective lubrication is
promoted [64]. All these tribological considerations should
be combined in conjunction with biological factors to promote
cartilage regeneration. The roles of tribological inputs and
stimulations in cartilage regeneration as well as the corre-
sponding tribological evaluation are both important. The
majority of current tissue engineering studies of articular
cartilage are approached mainly from biological and materials
perspectives. Although the principle of tissue engineering of
articular cartilage is well established, the mechanical and
tribological properties of tissue engineered cartilage are far
inferior, compared with the natural tissues [65]. Tribological
stimulations are increasingly identiﬁed as important considera-
tions in promoting cartilage regeneration [66,67]. Future
introductions of cartilage-preservation and regenerationtreatments require the developments of relevant pre-clinical
testing methods that should be able to consider the biological
natural of the system and a sufﬁciently long period of
testing time.
Although cartilage tissue engineering holds promise for the
future, current efforts should be devoted to optimising tribo-
logical performance and reducing wear in artiﬁcial joints.
Apart from developing more wear resistant materials, pre-
clinical testing of the implants is also important. Pre-clinical
testing should be robust, while at the same time, not too time-
consuming or costly. Pre-clinical testing should be able to
capture the major likelihood modes of implant failures and
improve current relevant standards [68]. Although the majority
of current pre-clinical testings are done experimentally in
laboratory, an alternative approach based on the computational
modelling may be complimentary, particularly for wear
modelling. Signiﬁcant progress has been made in the
development of wear modelling of artiﬁcial joints [69–72].
Computational modelling is also ideally suited for system
considerations where both the biomechanics and the tribology
of the joint may be considered in an integrated manner [73].
4. Skin tribology
Skin is the largest organ of the human body. It covers
between 1.6 and 2.0 m2 surface area of the human body in
adults and accounts for approximately 16% of a person's
weight [74]. It covers the whole body, protects all sorts of
tissues and organs in the body from the physical, chemical,
mechanical attacks and pathogenic microorganisms, and is one
of the body's ﬁrst lines of defence against the external
environment. In daily life, human skin can contact a variety
of materials due to labour, exercise, keeping warm, health and
beauty needs, which causes many skin friction problems. Thus,
the tribology of human skin is an interesting research topic
that has continuously attracted scientists to study over the
past years.
4.1. Friction behaviour of human skin
Human skin is a multilayered composite material composed
of epidermis, dermis and subcutis. It is a soft biomaterial with
a complex anatomical structure [75] and has a complex
material behaviour in mechanical contacts with objects and
surfaces. It exhibits highly non-homogeneous, nonlinear elas-
tic, anisotropic, viscoelastic material properties similar to those
of soft elastomers [76,77]. Therefore, Amontons’ empirical
rules for friction are not suitable for skin, and the theoretical
concepts for the friction of elastomers [78] have been applied
to human skin to describe its tribological behaviour [79]. The
concepts of the friction theory for elastomers [78] imply a two-
term (non-interacting) friction model, consisting of an adhe-
sion as well as a deformation component. According to
Dowson [79], under the dry skin condition, adhesion caused
by attractive surface forces at the skin material interface, as
well as deformation (hysteresis, ploughing) of the softer,
viscoelastic bulk skin tissue, contribute to the coefﬁcient of
Fig. 2. Important factors inﬂuencing the friction behaviour of human skin.
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the friction of human skin, whereas deformation mechanisms
are assumed to play a minor role [76,80]. In some studies,
several theoretical models, e.g. Hertz, Johnson–Kendall–
Roberts, Greenwood–Williamson were used to describe and
discuss the mechanical contact behaviour and friction mechan-
isms of skin [76,79–83]. Derler et al. indicated that the friction
behaviour of human skin was a system property determined by
material and surface properties of the skin itself, the contacting
material, as well as possible intermediate layers such as tempo-
rarily trapped or topically applied substances (e.g. cosmetic
products), or sweat and sebum naturally excreted from skin
into the tribo-interface [84]. It is generally acknowledged that
skin friction depends on the type (solid, soft, and ﬁbrous
material) and physical properties of contacting materials, as
well as on the physiological skin conditions (e.g. hydration
state, sebum level) and mechanical contact parameters, espe-
cially the normal load, i.e., contact pressure [84]. In addition,
sliding velocity, age, gender, ethnicity, and anatomical region
are also the inﬂuence factors [85–87]. The important factors,
which inﬂuence the friction behaviour of human skin, are
shown in Fig. 2. The following sections focus on the main
factors that inﬂuence skin friction behaviour.4.1.1. Surface properties of human skin
The surface topography of human skin is dependent on body
region, which leads to different roughness of human skin in
different anatomical areas. Some studies present the roughness
(average roughness, Ra) range of human skin from 10 to
200 μm. Here have been only very few studies that assess the
inﬂuence of skin topography on friction. Egawa et al. [88]
found in a single regression analysis that the volar forearm
friction coefﬁcient of females (20–51 years) did not correlate
signiﬁcantly with the surface roughness Ra of the skin
(correlation coefﬁcient, r¼0.23). In contract, the same authors
reported that surface roughness Ra signiﬁcantly improved the
predictability of the COF (by 1.5%), using multi-regression
analyses with skin moisture and roughness as independent
variables [88]. Nakajima and Narasaka [89] showed a correla-
tion between the density of primary lines (420 μm) and skin
friction; the lower the density (higher age), the higher the
friction. However, Nakajima and Narasaka found that the
density of lines corresponded to the skin elastic modulus.Therefore, the observed correlation between skin roughness
and skin friction could have been caused by interaction
between roughness and elasticity, or age effects [84].
The roles of sebum lipids and their effects on the skin
tribology are not clear [90–94]. Pailler-Mattei et al. [94]
reported that the skin surface lipid ﬁlm inﬂuenced skin
adhesion properties due to capillary phenomena. While on
normal skin a signiﬁcant adhesion force could be measured,
the adhesion force diminished after removal of the lipid ﬁlm.
Gupta et al. [92] showed a moderate positive linear relation-
ship (r¼0.64) between sebum level (5–18 μg/cm2) and fore-
arm skin friction measured against steel. Cua et al. [90]
observed weak correlations between the skin surface lipid
content and friction, especially on the forehead (r¼0.33) and
postauricular skin (r¼0.41). The same authors observed no
correlation (rr0.20) between both parameters for nine other
anatomical skin regions and suggested that surface lipids
played a limited role on skin friction [90]. Derler et al.
indicated that in the case of sliding friction, the properties of
the lipid ﬁlm on the skin surface should be taken into account
[84]. However, it is obvious that more detailed investigations
and fundamental studies are required to fully elucidate the
inﬂuence of sebum lipids on skin frictional properties.
4.1.2. Skin hydration
The skin hydration depends on the moisture of the skin
surface. Moisture commonly increases friction of skin surface.
The friction coefﬁcients of skin have been reported to vary
by factors of 1.5–7 between wet and dry conditions
[76,80,81,88,95–104]. Such a large spread probably reﬂects
the diversity of test methods, materials and experimental
parameters used. One of the most important factors is probably
the time delay between a friction measurement and moisturizer
application or water exposure of the skin. Some studies on the
correlation between skin moisture and friction have revealed
linear [105,106], power-law [107], exponential [108] and bell-
shaped relationships [109,110]. The bell-curve behaviour
indicates a transition from boundary to mixed lubrication if
skin is sufﬁciently wet. Tomlinson et al. established that the
initial rise in friction was caused by skin water absorption,
which increased the compliance of the skin thereby increasing
the contact area [110]. In a very humid climate or under wet
conditions, the skin became completely hydrated, and the
friction has been found to be 2–4 times higher than under dry
sliding conditions [99,106,107,110,111].
4.1.3. Physical properties of contacting materials
The inﬂuences of the surface roughness of a contacting
material on skin friction arise from studies on grip properties,
or touch and feel aspects of engineering surfaces [84]. The
general trend emerging from previous studies is that the COF
between a hard surface and naturally dry skin (ﬁngertip or
hand) decreases with an increasing material surface roughness
[107,111,112]. Studies have further shown that the smoother
the probe surface, the higher the friction [107,112]. However,
the friction coefﬁcient increases with increasing surface rough-
ness in the case of very rough surfaces, which can be attributed
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[113,114]. Derler et al. proposed two friction regimes of dry
skin in contact with surfaces with increasing roughness: the
friction coefﬁcient of skin as a function of probe or counter-
surface roughness initially dropped with increasing rough-
ness (an adhesion-dominated regime determined through
a large real contact area), passed through a minimum and
then increased up to a certain plateau value (a deformation
dominated regime characterised by hysteresis, ploughing and
interlocking) [84].
The hydrophilic/hydrophobic interactions between human
skin and contacting materials can affect skin friction properties
[76,85,110,115]. Adams et al. [76] dragged a polypropylene
(hydrophobic) and glass probe (hydrophilic) across forearm
skin, and observed that the glass probe gave lower friction.
This effect was attributed to a more stable lubricating ﬁlm of
water molecules forming on the glass [76]. Tomlinson et al.
[110] drew the same conclusion that lower ﬁnger friction
coefﬁcients were obtained for steel (hydrophilic) than for
polypropylene despite having all similar surface roughness.
Elkhyat et al. [115], however, reported that volar forearm skin
friction increases with hydrophilicity of the tribo-counterface.
Thus, much work remains to be carried out to understand the
above reported discrepancies and inconsistencies.4.1.4. Sliding velocity and rotational speed
Skin frictional properties are related to sliding or rotational
velocity [81,116,117]. Tang et al. [117] reported that the
friction coefﬁcients increased from 0.39 to 0.52 when the
sliding speed of a spherical probe on the forearm was increased
from 0.5 to 4 mm/s, indicating that hysteresis contributed to
the friction. Zhang and Mak [116] observed slightly increasing
friction coefﬁcients as rotation speed increased from 25 rpm
(maximum linear circumferential speedE17 mm/s) to
62.5 rpm (E42 mm/s). Johnson et al. [81] described the
increase of friction coefﬁcients with sliding velocity (0.25–
33 mm/s) using power-law expressions. The exact physical
mechanisms (e.g. suggested velocity dependent interactions of
the contact times of both tribo-partners at micro-scale surface
asperities with internal viscoelastic skin relaxation times)
leading to an increase of skin friction with velocity are
unknown and need to be explored [84].4.1.5. Ethnicity, gender and age
Previous studies found there were no signiﬁcant differences
in skin friction with respect to ethnicity [95]. With respect to
gender and age, the majority of studies found no signiﬁcant
differences when investigating skin friction on different
anatomical sites [85,90,95,105,118]. However, some other
authors found the friction coefﬁcients of the forearm skin
[99,119] or the canthus were higher for younger women [97].
Zhu et al. [97] investigated the skin friction coefﬁcient
associated with both age and gender for a large Chinese
population. The differences of friction behaviour between
different age and gender groups were related to hormone
levels. The method and conditions may also affect the results.4.1.6. Anatomical region
Previous studies revealed that the skin frictional properties
at different anatomical regions were different [90,97,105,107,
111,116,120,121]. The friction at areas with higher skin
hydration was usually higher. For example, the friction on
the ﬁnger pad, palm of the hand, forehead and vulva was found
to be higher, compared to that on edge of hand, abdomen, legs
and lower back [90,97,105,107,111,116,120,121]. Cua et al.
reported that hairs at the dorsal forearm in men were probably
the reason for the lower COF measured at the same site
compared with the volar forearm [90,105]. The exact reasons
why hairs possess lower skin friction are unclear, which is an
interesting future research topic.4.2. Application of skin tribology in the related ﬁeld
The application ﬁelds of skin tribology are immense,
including cosmetics and skin care products [86,122–124],
dermatological questions concerning skin condition, ageing,
skin injuries, wound healing and prosthetics [78,79,89,97,
125–130], medical and sports [84,131], textiles [132,133],
appropriate surfaces for consumer products [112,134], tactile
perception, touch properties and ergonomics [135–137].4.2.1. Skin moisturisers and cosmetics evaluation
Moisturisers and cosmetics are externally applied com-
pounds comprising multiple components, including occlusive
ingredients and humectants. Occlusive moisturising ingredients
are oily substances (water-in-oil emulsions) that impair eva-
poration of skin moisture by forming a cutaneous greasy ﬁlm
that impedes water loss. Humectants ingredients can provide
sufﬁcient moisture to the skin. Both ingredients create a moist,
soft, and smooth perception by altering the skin surface
roughness and water content. The friction and adhesion of
skin surface can be changed after coating moisturisers or
cosmetics. Skin friction and adhesion measurements represent
the most straightforward way to assess the moisturising effect
of moisturisers or cosmetics [80]. For example, Naylor [138]
showed that moistened skin has elevated friction, and El-Shimi
[101] demonstrated that drier skin had lower friction. Sivamani
[120] investigated the relationship between skin friction
property and water content and pointed out that moisturising
products would increase the moisture content of the skin and
adhesion, thus increasing the friction coefﬁcient. Ramalho
[139] studied the effect of moisturisers as a function of time
after application; the increasing tendency of the friction
coefﬁcient with time was observed. Gitis and Sivamani [87]
measured the frictional and electrical data of 3 kinds of
moisturisers and conﬁrmed that all 3 moisturisers had the
same qualitative effect on increasing friction and decreasing
electrical impedance, but quantitatively differed substantially.
Common low-performance cream lasted for less than an hour,
advanced cream lasted for several hours, and the effect of high-
performance cream was still measurable a day later. These tests
provide a scientiﬁc justiﬁcation to the pricing of these creams,
which quantify their functional quality.
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Skin friction characteristics have been shown to reﬂect the
physical and chemical properties of the skin surface, which can
determine skin changes in physiological and pathological
conditions and help to study the individual skin disease
process [119]. For example, Loden et al. [96] found that the
friction force of dry skin in allergy patients was lower than
that of the normal skin. Friction studies can be conducted
non-invasively and can give an invaluable assessment and
diagnosis for some skin diseases.
4.2.3. Textile material evaluation
Skin contacts with textile surfaces determine the comfort of
clothes. Textiles can be considered as soft materials with rough
surfaces and complex material behaviour. Skin–fabric friction
depends on textile parameters such as ﬁbre materials, yarn
design, surface structure, fabric construction and ﬁnishing.
Some studies reported that the textile microstructure, fabric
construction and ﬁbre hairiness were the important factors that
affect the friction characteristics [84,85,98,116,130]. The
fabrics made of natural (wool, cotton) and synthetic (poly-
amide) yarns caused differences in friction force. Owing to
their hairiness, natural yarns tend to have greater friction than
synthetic ﬁbres. Li et al. [130] indicated that the COF was
higher when the skin slid against wool and nylon socks due to
their coarse knitting weave surfaces and hard protruding textile
ﬁbres, which caused clear microscopic trauma to the skin, and
accompanied by skin irritations and discomfort.
4.2.4. Mechanism of skin trauma caused by friction
In daily life, the friction between skin and working imple-
ments, labour protecting materials, sports appliances, improper
footgear, textile materials, etc., may induce skin traumas such
as the formation of blisters, irritation or sensitisation. Interac-
tion between a stump and prosthetic socket, for example,
usually causes elevated internal friction injury and pain in the
epidermis and muscle tissues of the stump, such as pressure
ulcers, blister, cysts, edema, skin irritation, dermatitis, etc
[140]. In addition, bedsore often occurs on the paralyzed
patient's skin. From a mechanical approach, abrasion will lead
to “sore spots”, a portion of the skin undergoing excessive
stress and strain, and ﬁnally results in blistering [141].
Actually, blisters are caused by frictional forces and localised
pressure that mechanically separate the surface epidermal cells
from the stratum spinosum. Hydrostatic pressure then causes
the area of separation to ﬁll with a ﬂuid similar in composition
to plasma but with a lower protein level [142]. Xing et al.
[143] used a dynamic non-linear ﬁnite-element model with a
blister-characterised structure and contact algorithm for outer
materials and blister roof to investigate the effects on
deformation and stress of an existing blister by changing the
friction coefﬁcient and elastic modulus of the material in
contact with the blister. The model can predict the effects of
friction coefﬁcient and contacting materials stiffness on blister
deformation and hot spot stress [143]. In addition, skin has the
ability of self-adaptation to friction trauma. Li et al. [144]
investigated skin self-adaptation to friction trauma in vivounder the simulated prosthetic socket rubbing condition. The
results suggested that during the reciprocal sliding friction
process, rabbit skin suffered from friction trauma, rehabilita-
tion, and self-adaptation in turn.
4.2.5. Design of the prosthesis interface
Most amputees use prostheses to retain upright mobility
capabilities and restore appearance. Coupling between the
prosthesis and a trans-tibial stump is typically achieved by
a socket, which is a critical component for prosthetic per-
formance and the sole means of load transfer between
the prosthesis and the stump in current prosthetic practice
[116,145]. Unfortunately, the skin and underlying soft tissues
of the stump are not well-suited for load bearing. The
interaction between the stump and the prosthetic socket usually
causes elevated internal friction injury and pain in the
epidermis and muscle tissues of the stump. In addition, the
frequent friction between residual limb and prosthetic material
can cause the prosthetic material to wear, ageing and failure.
Thus, the tribological factors are very important in the limb
skin–prosthetic socket interface design and ﬁtting. Zhang et al.
studied the pressure, shear stress and frictional action at the
residual limb–prosthetic socket interface [116,145]. Li et al.
researched the frictional behaviour and comfort sensations
of the limb scar skin and prosthetic wearing skin against
prosthetic socket material [126,127], and investigated different
prosthetic socks on the effect of tribological behaviours,
mechanical irritations and microscopic trauma of residual limb
skin [144]. The study of the effective transfer of tangential and
normal load at the residual limb–prosthetic socket interface is
the key factor in future prosthesis design.
4.2.6. Tactile perception and gripping objects
As the principal barrier protecting us against environmental
aggression, skin is particularly receptive to a wide range of
physiological stimulus such as pain, temperature, pressure,
vibration, and so on, which are called tactile properties. In fact,
the initiation of tactile sensation is a tribological phenomenon,
which indicates that the friction signals obtained through the
action should represent the sources of the tactile sensation.
There exists a positive correlation between friction and tactile
sensations. Li et al. assessed quantitatively the tactile sensa-
tions during friction testing by using the friction signals and
physiological signals of conductance, temperature, and elec-
troencephalography (EEG) [146]. Gripping objects is a daily
behaviour, which is implemented by the friction of the ﬁngers
with the object. The exploration of tactile perception and the
mechanisms of gripping are important in robotics, aiming at a
realistic simulation of sensory tasks and object manipulation
by means of artiﬁcial systems.
4.3. Future research questions
Future studies on the friction behaviour of human skin
should be considered both on the macroscopic and microscopic
scale. On the macroscopic level, the following are some
suggested topics for future research studies:
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ical properties (compressive moduli/strength, shear moduli/
strength, skin creep and relaxation) of different skin layers
and their inﬂuence on skin friction need to be studied.
The mathematical and computational skin models need
to improve to understand skin deformation and skin
tribology. Moreover, skin imaging technology by using
optical coherence tomography to study the real contact
conditions of skin [147] needs to be developed.(2) The mechanisms of skin damage, blister formation, wrink-
ling and skin ageing in relation to skin tribology need to be
made clear for prevention.(3) Tactile perception and haptics during friction contact need
to be studied to inspect skin contact comfort with daily
necessities and develop applications in robotics.The friction behaviour of human skin on the microscopic
scale will be the key to understand the macroscopic friction
behaviour of skin [148]. The following high-priority research
questions need to be addressed:(1) The accurate measurement of the adhesion component of
friction, that is precise measurement of the real area of
contact (microscopic scale) and the shear strength of the
skin, needs to be performed.(2) The predominance and corresponding conditions of the
adhesion and deformation (viscoelastic hysteresis, plough-
ing, interlocking) components of friction need to be
understood and quantiﬁed.(3) The inﬂuences of skin hydration, water and sebum on the
micromechanical properties of skin as well as the asso-
ciated changes in the microscopic contact geometry need to
be studied.(4) The appropriate theoretical contact models for human skin





























Fig. 3. Relation between movement and wear of teeth [12].5. Oral tribology
Oral tribology concerns all aspects of tribology related to
oral systems. Human oral cavity is composed of palate, chin,
teeth, tongue, mucosa and glands. The temporomandibular
joint (TMJ) connects palate to chin. Friction and wear in the
mouth is normally related to the processing of various foods,
oral hygiene and orthodontics [12,149–152], and thus is
unavoidable. Generally, oral tribology involves the studies
on teeth, saliva, TMJ, and soft tissues of oral cavity. Four
kinds of test methods have been used to simulate the
tribological behaviour of oral system: clinical investigation
in vivo, in vitro testing, in situ testing, and ﬁnite element
analysis [153]. In this section, the main progress in wear of
human teeth and restorative materials is reviewed. Tribological
properties of saliva are also presented. The tribological
behaviour of the TMJ can be referred in Section 3: Joint
tribology.5.1. Wear of human teeth
5.1.1. Composition and structure of human tooth
Human teeth are composed of enamel, dentine–enamel
junction, dentine and pulp [154,155]. Enamel composed of
92–96% inorganic substances, 1–2% organic materials, and
3–4% water by weight [156], is the hardest tissue in human
body, with a hardness of about 360 HV50g in human body
[157]. The basic structural unit of enamel is enamel rod or
prism, which mainly consists of tightly-packed, ﬁbre-like
hydroxyapatite, and appears approximately perpendicular from
dentin–enamel junction towards tooth surface [156,158].
Dentine (about 60 HV50g) is a hydrated biological composite
composed of 70% inorganic material, 18% organic matrix and
12% water by weight [157,159], which is considered to be
elastic and soft. Between the enamel and dentine is dentine–
enamel junction, a biological interface. Generally the enamel is
exposed at the occlusal surface to the oral chemical
environment.
5.1.2. Tooth wear and main factors
Wear of teeth, either natural or artiﬁcial, mainly results from
mastication. Mastication is the action of chewing food, which
involves open phase and closed phase [12]. No occlusal forces
are involved in open phase, and then no or very minor tooth
wear occurs, while during closed phase occlusal load is applied
to the foods and the hard particles in foods are dragged across
opposing surfaces, causing occlusal surface wear. Thegosis
and bruxism also can cause tooth wear [12]. Thegosis is the
action of sliding teeth into lateral positions, which is con-
sidered a genetically determined habit to sharpen teeth [160].
Bruxism, a response to stress and treated clinically as patho-
logic behaviour, is the action of grinding teeth without the
presence of food [12]. During thegosis and bruxism, occlusal
forces are applied, and then tooth friction and wear occur
in direct tooth–tooth contact. Furthermore, nowadays, chemi-
cal effects play an increasingly important role in tooth wear,
mainly as a result of large consumption of acid drinks
[161–163]. Additionally, tooth wear can also result from tooth
cleaning such as tooth-brushing, and habits such as pipe-
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ment and tooth wear is shown in Fig. 3.
Moderate tooth wear is of signiﬁcant clinical consequences,
both aesthetically and functionally [12,164]. However, exces-
sive wear of teeth can result in unacceptable damage to the
occluding surfaces, alteration of the functional path of masti-
catory movement, dentine hypersensitivity, pulpal pathology,
and so on [153,164].
Zheng and Zhou studied the sliding ﬁction and wear
behaviours of enamel and dentine against titanium balls with
the lubricant of artiﬁcial saliva [157]. Results showed that the
enamel zone exhibited a lower friction coefﬁcient and better
wear resistance in comparison with the dentin zone of the same
tooth. The wear of enamel resulted mainly from microfracture
process and was characterised by delamination, whilst dentine
wear was a result of a ductile chip formation and strong
ploughs appeared on the worn surface. Additionally, the
tribological behaviours of natural teeth were found to relate
strongly to microstructure orientation. Mass pointed out that
the variation in crystallite orientation of prismatic enamels may
contribute to optimal dental function through the property of
differential wear in functionally distinct regions of teeth [165].
Sound enamel was observed clinically to lose only 10–
40 μm per year on average [166]. Enamel wear was reported to
be mainly controlled by the mechanical removal of materials
without obvious changes in the composition and crystal
structure [167]. Arsecularatne and Hoffman pointed out that
fracture under elastic contact should be responsible for enamel
wear [168], and crack formation occurred in the wear scar
subsurface [169]. Thus, they concluded that the wear beha-
viour of enamel was ceramic-like to some degree. In addition,
the tribological properties of human teeth were found to
depend strongly upon its age [170]. Compared with primary
teeth, the permanent teeth at young and middle ages exhibited
better wear-resistance. But when permanent teeth were con-
sidered at old age stage, the wear-resistance was reduced.
Recently, more and more research has been carried out on
the tribological properties of human tooth enamel at a
microscale or nanoscale to explore the effect of the micro-
structure and chemical composition of enamel. Enamel exhib-
ited inhomogeneous nanomechanical properties and aniso-
tropic microtribological behaviour [171], and moreover,
the mechanical and tribological properties of enamel rodsFig. 4. SEM micrographs of the nanoscratches on the surface of human tooth enam
scratch, and (d) the unworn surface of enamel [175].depended strongly upon the orientation of the hydroxyapatite
crystals within each rod [172]. It was found that the wear
behaviour of enamel at a nano-level was similar to that of
highly brittle glass under a low load of 50 mN and that of
mono-crystal metal under a high load of 100 mN [173]. Zheng
et al. [174] found that although it contained 92–96 wt%
inorganic substances (mostly hydroxyapatite), the enamel
exhibited obviously different microtribological behaviour from
that of artiﬁcial hydroxyapatite. Compared with artiﬁcial
hydroxyapatite, more signiﬁcant plastic deformation occurred
in the enamel under low loads, but no brittle delamination
mechanism occurred even under high loads, as shown
in Fig. 4. Their recent results suggested that the water content
within enamel has a signiﬁcant inﬂuence on its nanomechani-
cal and microtribological properties [175]. Water content could
reduce the value and ﬂuctuation of the friction force on enamel
surface and protect the surface from wear damage.
Both occlusal conditions (such as occlusal surface roughness
and load) and the properties of food particles (such as texture
and size) could inﬂuence the wear rate of teeth [154,163]. The
wear volume of enamel resulting from food particles was
found to increase progressively with normal load [176].
Moreover, with load increasing, wear rates of enamel and
dentine showed different increase tendency due to different
microstructures and mechanical properties [177,178]. The
prime determinant of tooth wear rate at a population level
has been considered as the abrasive properties of foods [179].
Coarse and abrasive diets generally caused high tooth wear
rates of ancient human being, while low tooth wear rates in
contemporary populations should mainly result from the
reliance on factory-processed foods. In addition, larger parti-
cles produced fewer, larger wear features on tooth surfaces
than small ones, and total wear increased with particle size
[180].
With a worldwide increase in the consumption of soft
drinks, fruit juices, and sports drinks, the exposure of teeth
to an acidic environment is becoming commonplace. Surface
loss of dental hard tissues due to a chemical process without
the involvement of microorganisms is deﬁned as “erosion” in
dental literature. This process may be caused by either
extrinsic (such as acidic substances, beverages, snacks, and
environmental exposure to acidic agents) or intrinsic agents
(such as recurrent vomiting as part of anorexia or bulimia andel at 100 mN [174], (a) the scratch, (b) wear particles, (c) the central area of
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was found to be associated with erosion time and location
[181], and the outer enamel exhibited better erosion-resistance
[182]. Acid-eroded enamel is more susceptible to abrasion and
attrition than pristine enamel because increased acidity in the
mouth could decrease both the hardness and elastic modulus of
enamel [162,183]. Generally, tooth wear caused by erosion is
the combined effect of demineralisation of tooth surface by an
erosive agent and abrasion of the demineralised surface by
surrounding oral soft tissues, food mastication and tooth-
brushing [184]. Patients with clinically evident palatal erosion
showed a 10-fold greater wear rate than those without any
evidence of abnormal wear [185]. Tooth wear rate was
reported to increase with the reducing pH values [186].
Moreover, there should exist a competitive mechanism
between the mechanical action and the chemical action when
enamel wear occurred in a citric acid solution [187]. The effect
of erosion on enamel wear was more obvious under a low load
than under a high load, as shown in Fig. 5.
The erosive damage of teeth can be repaired by reminer-
alisation to some degree [152]. Saliva is a source of inorganic
ions necessary for the remineralisation because it supplies
calcium and phosphate ions to build blocks [186]. Thus,
human teeth have a certain self-repair capacity through
the remineralisation in both natural and artiﬁcial saliva
environments [186,188,189]. It was suggested that the intake
of calcium, phosphate and ﬂuoride could depress dental
demineralisation and enhance remineralisation [162]. Recently,
more and more results indicated that casein phosphopeptide-
stabilised amorphous calcium phosphate has the potential to
promote tooth remineralisation [190].
Pathologic factors such as bruxism, xerostomia, and high
levels of tetracycline, can result in excessive tooth wear [153].
Patients with bruxing habits apply occlusal loads of approxi-
mately 1000 N and have a total tooth contact time of 30 min to
3 h in a 24 h period [191], obviously higher than those of
normal people. Thus, the vertical loss of dental hard tissues in
bruxists was reported to be 3–4 times higher than normal
people [192]. Xerostomia is a condition characterised by a
reduction in or loss of salivary ﬂow, often with a concurrent
change in the composition of saliva [193]. Thus, people with
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Fig. 5. Wear volume of human tooth enamel under different wear conditions
[187].artiﬁcial saliva or saliva substitute is the most common option
for xerostomia treatment.
During mastication or bruxism, occlusal loading can cause
tooth ﬂexure [191], and result in shear stress in a tooth's
cervical region where the enamel is less resilient. Once the
shear stresses exceed the failure stress of enamel, cracking and
subsequent enamel loss could occur in the cervical region
(around the cemento-enamel junction), which is clinically
called non-carious cervical lesions by abfraction. With increas-
ing age of patient, the number, size, and depth of cervical
lesions increased [191]. People with parafunctional habits,
especially bruxists [191], were found to be inﬁnitely more
vulnerable to cervical lesions by abfraction than normal
people.
Tooth-brushing alone has no effect on enamel and very little
on dentine [194], but the dentine may be susceptible to
abrasion caused by toothpaste abrasives, and dentine loss
was correlated with toothpaste abrasivity [195]. It should be
noted that the wear of enamel and dentine could signiﬁcantly
increase if tooth brushing follows an erosive challenge [194],
which may result in non-carious cervical lesions [196].
5.2. Wear of artiﬁcial dental materials
5.2.1. Metals and alloys
Considering that the colour is very different from that of
dental tissue, metals and alloys are mainly applied to ortho-
dontic appliances and dental implants nowadays. Corrosion
has been predominantly considered in the selection of metallic
restorative materials due to their biocompatibility and cyto-
toxicity [197,198]. In general, the initiation and propagation of
corrosion is closely associated with the nature of metal alloys,
but the purity, casting and melting techniques also affect the
corrosion behaviour of metal alloys. Due to excellent biocom-
patibility, corrosion resistance and light weight, commercially
pure titanium (CP-Ti) and its alloys have been increasingly
applied to dental restorations, especially implants; however,
CP-Ti is inferior to conventional dental alloys in tribological
characteristics [199,200]. The wear resistance of CP-Ti can be
improved by alloying [201–203].
Most clinicians point out that friction in ﬁxed orthodontic
appliance systems is harmful [204–206]. Increased friction
between mucosa tissue and the surface of metallic brackets can
cause pain and discomfort of oral mucosa. The friction
behaviour of orthodontic metallic bracket-wire combinations
is associated with such factors as archwire and bracket
materials, their size and shape, width and slot dimensions,
surface composition, roughness and cleanliness, bracket-to-
wire positioning in a 3-dimensional space, the ligature force
and the type of ligation, interbracket distances, and lubrication.
Fretting wear may result in the failure of dental implants
[207]. Yu et al. investigated the tangential fretting behaviour of
titanium alloy (TC4) against human cortical thighbone to
understand the fretting behaviour of the ﬁxation interface of
dental implants [208]. Results showed that under the applied
normal load, with the displacement increasing, the contact
condition of the bone–TC4 interface transformed from elastic
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deformation, to relative slip. During this process, both the wear
extent and micro-cracks increased on the worn surface of bone.
Moreover, the contact stiffness decreased as the bone tissue
was gradually destroyed. Some bone tissue debris, which
contained phosphorus and calcium, were detached from the
cracks on the bone surface and adhered to the worn surface of
TC4 [209]. The results indicated that during the long service
process of dental implants, due to the repeated action of
occlusal load, the initial contact condition of the bone–implant
interface could vary with the accumulation of surface damage.
Thus, loosening occurred to dental implants. This explains
why the failure rate of the ﬁxation interface of dental implants
increases over time after osseointegration.5.2.2. Ceramics
In marked contrast to metallic restorative materials, the
advantages of ceramics in dentistry are their natural appearance
and durable chemical and optical properties. In general,
ceramics show relatively high resistance against wear, but
their brittle fracture nature could cause disastrous results
clinically [210]. In order to minimise the damage by brittle
fracture, many efforts have been made to develop high-
toughness dental ceramics in the past decades [153,210].
It has been reported that yttria-stabilised tetragonal zirconia
polyscrystal (Y-TZP), a high-toughness zirconia ceramic, can
be used as an alternative to porcelains or glass–ceramics in
posterior restorations [211–213].
Most ceramic restorations may be abrasive and then create
opposing occlusal surface wear of natural or artiﬁcial dentition
[153,210]. Hence, the wear of enamel against various ceramics
has been investigated by many researchers. Results show that
ceramic microstructure and surface characteristics (such as
smoothness or glaze), and environment conditions signiﬁcantly
affect the wear of enamel and ceramic [214–216]. Glazing
and/or polishing may reduce enamel wear caused by dental
ceramics to some extent at the early stage of contact [217–
219]; however, the positive effect would be lost quickly when
the material is placed in function in mouth. Low-fusing
feldspathic dental porcelains could cause less wear of opposing
teeth in comparison with commonly used feldspathic porce-
lains [220,221]. Recently, it has been reported that zirconia
ceramics yielded superior wear behaviour and lower antag-
onistic wear compared to conventional ceramics [218,222].
Dental ceramics suffer from chemical attack in the mouth,
and then surface degradation may occur [214]. If a degraded
ceramic surface is further subjected to dysfunctional occlusion
or parafunctional habits such as bruxism, the wear process may
be accelerated. It was reported that the highest degradation of
Y-TZP dental ceramics occurred in an acidic environment
[213].5.2.3. Composites
Due to their excellent aesthetic properties, dental composite
materials gain steadily increasing importance and popularity
for the restoration [223]. The major problem of dental compo-sites is their limited wear-resistance when used as stress-
bearing restorations.
Much work has been done to improve the wear-resistance of
dental composites. It was found that the wear process of
composites was associated with the characteristics, content and
distribution of ﬁller, the nature of matrix, and the interfacial
bond strength between ﬁller and matrix [224]. The size, shape,
hardness and brittleness of ﬁller play an important role in the
wear process of dental composites. Microﬁlled and small
particle hybrid composites had better an abrasion resistance
in comparison with composites containing large ﬁller particles
(41 μm) [224–226]. Spherical and irregular ﬁller particles
could yield superior wear behaviour of dental composites and
lower antagonistic wear compared to sharp and pointed
particles [227]. Hard and tough ﬁller particles have high
load-carrying ability and then enhance the material's overall
resistance to abrasion [224], but the hardness of ﬁller particles
must not be higher than that of the hydroxyapatite crystals of
human enamel. Filler content and distribution also have a
signiﬁcant inﬂuence on the wear resistance of dental compo-
sites [224]. Wear can be reduced by the increase of ﬁller
volume [224,228]. Given that ﬁller particles situated very
closely can protect the resin matrix from abrasives, the use of
ﬁner particles for a ﬁxed-volume-fraction of ﬁller can reduce
wear [224]. Generally, with the degree of cure, strength and
toughness of resin matrix increasing, the abrasive capacity of
composites increases signiﬁcantly [229,230]. Additionally,
good ﬁller/matrix adhesion can enhance stress-transfer ability,
protect the matrix and interfere with crack propagation, and
thus reduce wear [224,231]. Silane coupling agents could
enhance the interface adhesion.
Oral factors, especially oral chemical environment, have
signiﬁcant effects on the wear process and in vivo degradation
of composite restorations. When being exposed to certain
chemicals/food simulating liquids, the resin matrix can be
softened and ﬁllers can be leached out [224,232]. Hence, the
wear resistance would decrease considerably. High degree of
cure of matrix could prevent composite restorations from
degradation in long-term exposure to oral environment.
5.3. Tribological properties of saliva
Saliva is the most important component of the chemistry of
human mouth. It consists of approximately 98% water and a
variety of electrolytes and proteins [233]. Salivary proteins can
be selectively adsorbed onto all solid substrata as well as
mucosa membranes exposed to oral environment, and then
formed acquired salivary pellicle within seconds [186].
An important function of saliva is to form a boundary
lubrication system and serve as the lubricant between hard
(tooth) and soft (mucosal) tissues to help decrease the wear
of teeth, and reduce the friction of oral mucosa and tongue
surfaces to prevent those lesions, and make swallowing easier
[234]. In 2009, Sajewicz reported that saliva viscosity had no
signiﬁcant inﬂuence on its friction coefﬁcient [235], and the
lubricating mechanism of saliva should be based on a full
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Fig. 6. Wear volume of scratches on the enamel surfaces after different saliva-
adsorption times [237].
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adsorption of salivary proteins, and then it has a heterogeneous
structure consisting of a thin and dense inner layer and a thick,
highly hydrated, and viscoelastic outer layer [236]. The inner
layer of salivary ﬁlm could effectively decrease the friction and
wear of teeth, and then play an important role in the lubricating
properties of saliva [237], as shown in Fig. 6. The lubricating
properties of saliva are presumably related to the strongly
adhesion strength of the inner salivary ﬁlm on tooth surface.
Oral physiological conditions could affect the structure of the
salivary ﬁlm, but mainly the outer salivary ﬁlm is inﬂuenced
[238]. Even in the harsh oral cavity environment, the inner
salivary ﬁlm was observed to be still intact. It seems that the
outer salivary ﬁlm is a natural barrier between inner salivary
ﬁlm and oral cavity environments.
The lubricating performance and composition of salivary
ﬁlm were reported to be closely associated with properties of
the substrate surface, such as surface roughness, surface free
energy, and surface chemical composition or charge [239].
Harvey et al. observed that friction coefﬁcient on the hydro-
phobic substratum was almost an order of magnitude higher
than that on the hydrophilic substratum [240]. Hence, hydro-
phobic materials in the oral cavity might be more easily
cleaned from adsorbed salivary ﬁlms [241]. It was inferred that
the adhesion strength of salivary ﬁlm was much lower with
hydrophobic substratum than with hydrophilic substratum.
The role of salivary pellicle is also thought to protect the
underlying tooth surface from acid attack because it is a buffer
to acids introduced into the mouth [186]. It was reported
that even a minute ﬁlm of salivary pellicle (thickness of
100–500 nm) can protect the exposed material surface from
the acid, thereby preventing its removal during the next
friction phase.
5.4. Future developments
As mentioned above, dental friction and wear are inevitable
lifetime processes due to normal oral function. However,
human teeth, the most anti-wear organ in the body, can
satisfyingly serve for tens years or even almost a centenarydepending on conditions. There is no doubt that human teeth
are a superior natural wearable system. In fact, many tribolo-
gical systems in engineering such as gear drive, rail/wheel
system are more or less similar to the friction pair of human
teeth. With the developments of materials science and surface
engineering technology, the wear-resistance of engineering
systems has been advanced to a considerable extent. However,
the breakdown of wearable systems and its serious con-
sequence are often reported in engineering. Hence, more
emphasis should be laid on understanding why human teeth
possess such excellent anti-wear properties, which can help
design future engineering anti-wear systems with satisfactorily
higher service lifetime against friction and wear. Future
research should pay attention to the following aspects:1) The inﬂuence of mechanical loading to the microstructure
and tribological properties of human teeth.2) Correlation between microstructure and tribological proper-
ties of human teeth.3) Damage mechanism of human teeth under complex
loading modes.4) Palliative and self-repair study of tooth wear.
5) Application into both dental restorative material and anti-
wear systems in practice.
6) The similarities and differences in the tribological beha-
viour between human teeth and different mammal teeth.6. Tribology of other biological systems
From Table 1, about 70% presentations focused on joint,
skin and oral systems. In other words, the rest investigations
seem to be associated with other biological systems covering
immense ﬁelds. Here, some representative cases with certain
research activities are reviewed in brief.6.1. Cardiovascular system
Tribological problems in the cardiovascular system mainly
involve artiﬁcial heart valves, intravascular stents as well
as capillary blood ﬂow. Not surprisingly, as a mechanical
component, impact and fatigue wear that occur at various
contact interfaces in artiﬁcial heart valves have been widely
investigated. Safety and lifetime of service have been empha-
sised both from mechanical aspect due to wear damage and
from pathological aspect due to penetration of wear particles
into blood vessels [242]. It is well known that thrombus often
occurs at the surface of blood-contacting medical devices in
the patients who take anti-coagulation medication [243,244].
Hence, a type of non-adhesive surface with human blood is a
real necessity for the biomedical community. In fact, various
coatings or materials such as TiOx ﬁlm surface are attempted
to be developed in terms of wear resistance and blood
compatibility [244]. However, friction, wear and adhesion
are still responsible for their lifetime limitation of clinical use.
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undergo large deformation while passing through capillaries
with diameters in the ranges from 4 to 8 μm. Understanding of
tribological behaviour (particularly ﬂow properties) of capil-
lary blood ﬂow is important for both protecting red blood cells
from damage during microcirculation and providing clinical
guidance. A number of investigations have been carried out,
including experimental simulation in vitro, and corresponding
theoretical analysis on the behaviour of blood ﬂood in micro-
vessels and red blood cell motion in capillary tubes [245].
6.2. Hair
Everybody hopes to have smooth and soft hair, similar to
skin. Grooming and maintenance for beautiful hair is a daily
process for most people, while friction and adhesion are the
most relevant parameter to hair care. Coefﬁcient of friction is
useful as it serves as a quantitative marker for human
perception of feel, and current investigations focus on correla-
tions between friction properties in macro- and micro-scale and
hair structure under various experimental conditions. Bhushan
et al. have studied the scale effects and directionality of
tribological behaviour of hair, and indicated that macro-scale
friction force data clearly showed directionality effects; coefﬁ-
cient of friction values being the highest on the macro-scale,
followed by micro-scale and then nano-scale value [246].
Using atomic force microscopy, Smith et al. [247] have
measured the value of micro-scale friction coefﬁcient, the tip
surface adhesion force and the corresponding adhesion energy
for the substructures of European brown hair cuticles. All these
investigations have been used to provide a formulations guide
of hair-care products and treatments. However, little work has
been reported to how to avoid hair damage and improve its
quality through essential methods such as dietary habit.
6.3. Eye
The eye is a typical example of a lubricated moving system
in the human body. The tear ﬁlm provides protection to the
cornea and maintains optical smoothness for vision [248,249].
Ocular tribology has attracted much attention, particularly
since the introduction of contact lenses. There are two major
tribological interactions in the eye. One interface occurs
between eyelid and corneal in the natural eye, while for the
case of a contact lens, two interfaces are formed between
contact lens, eyelid and cornea [250]. Major tribological issues
have focused on properties of the tear ﬁlm and its lubrication
mechanism, adhesion and friction of various contact lenses,
adhesive comfort in order to develop satisﬁed contact lens.
For example, Dunn et al. [248] analysed lubrication regimes in
contact lens wearers during a blink and proposed a numerical
ﬂuid model of the resulting pressure and sliding speeds at
both pairs of sliding. Zhou et al. studied the frictional proper-
ties of soft contact lenses and indicated the frictional force
is proportional to normal load, the coefﬁcient of friction
increased with the velocity in a saline solution [251]. However,
further investigations on correlation between the adhesive andfrictional properties and the biological response of contact lens,
such as weeping, bacterial infection, need to be performed.
6.4. Animal feet
Some animals, such as geckos, tree frogs and insects, can
walk on smooth vertical surfaces and even, in some cases, on
inverted ones. Considerable work has been performed in order
to understand adhesion mechanism of attachment and detach-
ment control from both macro- and nano-scale [252]. Alexande
[253] argued that the mechanism of attachment is due to
capillary force in many cases, while Autumn et al. [254]
believed that Van der Waals forces could be responsible for
gecko adhesion, as the tiny spatula could make very close
contact with the substrate. The friction and adhesion forces of
a gecko highly depend on the microscopic contact between the
spatula and substrates. In the detachment of gecko toe, the high
adhesion friction is rapidly reduced to a very low value by
rolling the toes upward and backward, which, mediated by the
lever function of the setae shaft, peels the spatulae off at large
angles from the substrates. Both the adhesion and friction
forces can be changed over orders of magnitude, allowing the
swift detachment [255,256]. Nevertheless, many challenging
issues such as correlations between frictional properties and
ﬁne biological structures, bionic design theory and manufac-
turing technology on their complex frictional attachment/
detachment system remain to be done. It is noted that, different
from gecko adhesion mechanism, the superhydrophobicity of a
water strider's legs with a very rare strait makes their legs water
repellent is its survival mechanism, allowing it to ﬂoat, run on
water [257].
6.5. Animal surfaces
Three types of animal–substrate interactions have been
identiﬁed and studied: ﬁshes in water, birds in air and fossorial
animals in soil [258–262]. Fishes have features of drag-
reduction, superoleophilicity and superoleophobicity owing
to their water-phase micro/nano hierarchical structures
[258,259]. Fish scales are covered by oriented micropapillae
with nanostructures, and the skin of the shark, one of the fast
swimming animals in the ocean, is also covered by placoid
scales. These scales composed of a rectangular base embedded
in the skin with tiny spines have longitudinal grooves. Such
structure will reduce vortices parallel to the local ﬂow direc-
tion of the water and endows low friction of ﬁshes during
swimming [259]. Similarly, drag reduction investigations have
been reported on birds and butterﬂy [258,261,262]. The bird is
an example where there are mainly two types of feathers.
Primary feathers are the largest and farthest away from the
body to propel bird ﬂying through the air and the secondary
run along the arm of wing to lift bird in the air. An herringbone
riblet surface constituted by feathershaft, barbs as well as
barbules is responsible for drag reduction [261]. Compared to
that of ﬁshes and birds, soil-contacting animals have better
anti-wear resistance, lower adhesive properties and self-
cleaning effect. For example, the pangolin, a soil-burrowing
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and rock. However, Tong et al. demonstrated that natural
corrugated surface of pangolin scales and the orientation of
corrugation offer better wear behaviour and particle self-
ejection effect through two body abrasive wear tests [263].
For shells, Bai et al. proposed that the surface microstructure
clearly affected the attachment of fouling organisms by fouling
tests and different antifouling ability from the best to the worst
was given corresponding to different surfaces of shells [264].
In fact, a great deal of work has been devoted to fabricating
different surface structures for unique surface function through
the biomimetic or bio-inspired approach. However, there
are very few reports about the artiﬁcial surfaces, which could
match natural bio-surfaces after evolving over millions
of years.
6.6. Plants
Compared to human or animal tribology, progress in plant
tribology seems to be slow, probably due to less attention or
lack of knowledge on the relevant properties of plants.
However, as one of more than 200 water-repellent plant
species [265], the lotus leaf, owing to its superhydrophobicity,
also known as the lotus effect, has been mainly investigated
[266–269]. It is demonstrated that the epidermal cells of
the lotus leaves form papillae, which are superimposed by a
very dense layer of epicuticular waxes. Epicuticular waxes
have hydrophobic properties, which together with micro- and
nanostructure roughness, result in reduced contact area
between water droplets and the leaf's surface [268]. To date,
more studies appear to be directed toward the development for
bionic design and fabrication of superhydrophobic surfaces
for civil and military applications [268,269]. In addition, there
are a few investigations on algae tribology, particularly on
diatom tribology with single-celled microalgae [270]. Diatoms
seem to show highly efﬁcient self lubrication while cells
divide and grow, and might be pursuing an effective lubrica-
tion strategy [271]. It is noted that some possible plants with
unique tribological behaviours such as superlubricity are still
unknown to engineers from their surfaces, and body ﬂuid.
7. Remarks and outlook
There is a growing trend for more and more tribological
studies concerning more and more biological systems. The
main aims of these biotribological investigations may be
summarised in the following three realms.
7.1. Safety and long lifetime
The most important aim to study biotribology is to assure
the safe service of long lifetime medical devices, particularly
for long-term implanted devices. In fact, many medical devices
fail due to tribological problems. Examples include pathologi-
cal reactions such as tissue inﬂammations due to wear particles
for artiﬁcial joints, narrowing or blockage of artiﬁcial vascular
due to surface coagulation, loosening of the ﬁxation interfacefor implant devices such as joint and teeth due to fretting,
damage of artiﬁcial heart valve due to impact wear or fatigue
wear, a reduction in cutting efﬁciency of scalpel with energy
due to tissue burning eschar tissue, and damage due to tractive
effect of surgical forceps. Currently, a great deal of investi-
gations has focused on both various damage mechanisms
and palliative measures for improving lifetime of service.
Perfection of medical devices with best tribological proper-
ties that can replace the natural organ represents hard and
challenging tasks.
7.2. Engineering bionics
Nature seems to be the best school for scientists and
engineers. Learning from nature has long been a source of
bio-inspiration for human beings. Indeed, many biological
systems have unique properties in mechanical, dynamical,
control aspects etc. However, they are mainly concerned
with excellent tribological properties of biological surfaces
or bodies such as anti-wear, anti-adhesion, superlubricity,
superhydrophobicity, self-cleaning behaviour. Hence, a large
number of investigations have focused on the formation
mechanism of speciﬁc function, and the bionic design and
fabrication from material, multiscale structures, surface topo-
graphy etc. Nevertheless, it is noted that a speciﬁc function of
a natural system has developed through integration of multi-
factors rather than a single factor, and integrated measures
should be considered. For instance, human teeth with excellent
tribological behaviour not only depends upon their higher
hardness, but also upon saliva lubrication, ingenious physio-
logical structure, material microstructure, as well as bioactive
self-protection and capacity [10].
7.3. Comfort and beauty
All people, in health or sick, wish to have the best possible
quality life every day. Beautiful appearance and comfortable
life are two of important aspects for which biotribological
studies can play an important role in improving the look and
feel of related surfaces or interfaces about human bodies and
medical devices. For example, more and more investigations of
hair and skin care, dental care and rehabilitation, interface
design between artiﬁcial and residual limb, frictional percep-
tion between various medical catheters and human cavities,
sensation of contact lenses have been widely performed around
a goal of comfort and beauty with the improvement of living
standard.
8. Summary
Biotribology has been one of the most exciting and rapidly
growing areas of strong current interests. Driven by the
improvement of life quality and inspired by natural tribological
system, more and more investigations have been performed on
fundamental theories, bionic design and fabrication, damage
palliative related to tribology. Much progress has been
achieved but more problems remain to be unravelled. We
Z.R. Zhou, Z.M. Jin / Biosurface and Biotribology 1 (2015) 3–24 19recommend for a close cooperation among scientists, engineers
and clinicians, to address mechanical surfaces and interfaces,
biology, materials, physics, chemistry, engineering etc.
Biotribology research focuses on the understanding of how
natural biological systems work and how diseases are developed,
as well as how medical treatments and devices are optimised,
often from an engineering point of view. It is important to address
the unique natures of different biological systems to make a full
and real impact to improve quality of life. Biotribology research
spans a wide spectrum of biological systems and important
ﬁndings cross different systems may often be equally applicable.
Unique tribological mechanisms identiﬁed for biological systems
should provide important insights for developing tribology in
general. Equally, advances in methods and techniques in tribology
are important for advancing biotribology research.
Acknowledgments
The authors thank Dr. J. Zheng and Dr. W. Li for their help.
Also, we appreciate the ﬁnancial support of the National
Natural Science Foundation of China (Nos. 51290291,
51222511, 51175440, and 51323007).
References
[1] D. Dowson, V. Wright, Bio-tribology, in: Proceeding of the Conference
on the Rheology of Lubrication, The Institute of Petroleum, The
Institution of Mechanical Engineers, and the British Society of Rheology,
London, 1973, pp. 81–88.
[2] Special issue on biotribology, in: D. Dowson, Z.M. Jin (eds.), Proceedings
of the IMechE, vol. 220, no. J8, 2006, pp. 649–801, Part J: J. Engineering
Tribology.
[3] Special issue on oral and dental tribology, in: Z.R. Zhou, R. Dwyer-Joyce
(eds.), Proceedings of the IMechE, vol. 224, no. J6, 2010, pp. 519–594,
Part J: J. Engineering Tribology.
[4] Special issue on biotribology, in: Z.M. Jin, M. Zhou, Friction, vol. 1, no.
2, 2013, pp. 99–194.
[5] P.S. Walker, Human Joints and Their Artiﬁcial Replacement, Charles C.
Thomas Publisher, Springﬁeld, Illinois, USA, 1977, p. 1–510.
[6] J. Charnley, Low Friction Arthroplasty of the Hip, Springer-Verlag,
Berlin, 1979, p. 1–376.
[7] D. Dowson, V. Wright (Eds.), An Introduction to the Biomechanics of
Joints and Joint Replacements, Mechanical Engineering Publications
Limited, London, 1981, pp. 1–254.
[8] D. Dowson (Ed.), Advance in Medical Tribology; Orthopaedic Implant
and Implat Materials, Mechanical Engineering Publications Limited,
Bury St. Edmunds and London, 1998, pp. 1–221.
[9] M. Scherge, S.N. Gorb, Biological and Micro- and Nano-tribology –
Nature's Solution, Springer-Verlag, Berlin, 2001, p. 1–304.
[10] Z.R. Zhou, H.Y. Yu, J. Zheng, L.M. Qian, Y. Yan, Dental Biotribology,
Springer, 2013, p. 1–177.
[11] The Institution of Mechanical Engineers, lubrication and wear in living
and artiﬁcial human joints, Proc. Inst. Mech. Eng. 181 (3) (1967) 1–172.
[12] L.H. Mair, T.A. Stolarski, R.W. Vowles, C.H. Lloyd, Wear: mechanisms,
manifestations and measurement. Report of a workshop, J. Dent. 24
(1996) 141–148.
[13] F. Franek, W.J. Bartz, A. Pauschitz, Scientiﬁc achievements industrial
applications future challenges, in: Proceeding of the 2nd World Tribology
Congress, The Australian Tribology Society, 2001, pp. 13–20.
[14] Y. Kimura (ed.), Proceeding of the 4th World Tribology Congress,
Kyoto, Japan, 2009.
[15] I. Hutchings, Proceeding of the 12th International Conference on Wear of
Material, Atlanta, USA, 1999.[16] I.I. Hutchings, Proceeding of the 13th International Conference on Wear
of Materials, Vancouver, Canada, 2001.
[17] T. Murakami, Program of the 6th International Biotribology, Fukuoka,
Japan, November 2011.
[18] Z.M. Jin, Program of the 7th International Biotribology, Xian, China,
May 2012.
[19] Ph. Cann, Program of the International Conference on Biotribology,
London, UK, September 2011.
[20] Ph. Cann, Program of the 2nd International Conference on Biotribology,
Toronto, Canada, May 2013.
[21] W. Hunter, Of the structure and diseases of articuating cartilages, Philos.
Trans. R. Soc. Lond. 42 (1743) 514–521.
[22] O. Reynolds, On the theory of lubrication and its applications to Mr.
Beauchamp Tower's experiments including an experimental determina-
tion of the viscosity of olive oil, Philos. Trans. R. Soc. Lond. 177 (1886)
157–234.
[23] A. Unsworth, Tribology of human and artiﬁcial joints, Proc. Inst. Mech.
Eng. H 205 (3) (1991) 163–172.
[24] B.A. Hills, Boundary lubrication in vivo, Proc. Inst. Mech. Eng. H 214
(1) (2000) 83–94.
[25] J. Katta, Z. Jin, E. Ingham, J. Fisher, Biotribology of articular cartilage—a
review of the recent advances, Med. Eng. Phys. 30 (10) (2008) 1349–1363.
[26] G.A. Ateshian, The role of interstitial ﬂuid pressurization in articular
cartilage lubrication, J. Biomech. 42 (9) (2009) 1163–1176.
[27] G.D. Jay, K.A. Waller, The biology of lubricin: near frictionless joint
motion, Matrix Biol. 39C (2014) 17–24.
[28] M. Daniel, Boundary cartilage lubrication: review of current concepts,
Wien. Med. Wochenschr. 164 (5–6) (2014) 88–94.
[29] T. Murakami, H. Higaki, Y. Sawae, N. Ohtsuki, S. Moriyama,
Y. Nakanishi, Adaptive multimode lubrication in natural synovial joints
and artiﬁcial joints, Proc. Inst. Mech. Eng. H 212 (1) (1998) 23–35.
[30] C.W. Mccutchen, Mechanism of animal joints: songe-hydrostatic and
weeping bearing, Nature 184 (4695) (1959) 1284–1285.
[31] H. Forster, J. Fisher, The inﬂuence of loading time and lubricant on the
friction of articular cartilage, Proc. Inst. Mech. Eng. H 210 (2) (1996)
109–119.
[32] Z.M. Jin, J.E. Pickard, H. Forster, E. Ingham, J. Fisher, Frictional
behaviour of bovine articular cartilage, Biorheology 37 (1–2) (2000)
57–63.
[33] Nobuo Sakai, Yuichiro Hagihara, Tsukasa Furusawa, et al., Analysis of
biphasic lubrication of articular cartilage loaded by cylindrical indenter,
Tribol. Int. 46 (1) (2012) 225–236.
[34] A.C. Moore, D.L. Burris, An analytical model to predict interstitial
lubrication of cartilage in migrating contact areas, J. Biomech. 47 (1)
(2014) 148–153.
[35] Y. Dabiri, L.P. Li, Inﬂuences of the depth-dependent material inhomo-
geneity of articular cartilage on the ﬂuid pressurization in the human
knee, Med. Eng. Phys. 35 (11) (2013) 1591–1598.
[36] G.A. Ateshian, S. Maas, J.A. Weiss, Finite element algorithm for
frictionless contact of porous permeable media under ﬁnite deformation
and sliding, J. Biomech. Eng. 132 (6) (2010) 061006.
[37] Q. Meng, Z. Jin, J. Fisher, R. Wilcox, Comparison between FEBio and
Abaqus for biphasic contact problems, Proc. Inst. Mech. Eng. H 227 (9)
(2013) 1009–1019.
[38] J. Li, X. Hua, Z. Jin, J. Fisher, R.K. Wilcox, Inﬂuence of clearance on the
time-dependent performance of the hip following hemiarthroplasty: a
ﬁnite element study with biphasic acetabular cartilage properties, Med.
Eng. Phys. (14) (2014) 00140–00144 pii: S1350-4533.
[39] J. Li, X. Hua, Z. Jin, J. Fisher, R.K. Wilcox, Biphasic investigation of
contact mechanics in natural human hips during activities, Proc. Inst.
Mech. Eng. H 228 (6) (2014) 556–563.
[40] Q. Meng, et al., Computational investigation of the time-dependent
contact behaviour of the human tibiofemoral joint under body weight,
Proc. Inst. Mech. Eng. H 228 (11) (2014) 1193–1207.
[41] M. Kazemi, L.P. Li, M.D. Buschmann, P. Savard, Partial meniscectomy
changes ﬂuid pressurization in articular cartilage in human knees,
J. Biomech. Eng. 134 (2) (2012) 021001.
Z.R. Zhou, Z.M. Jin / Biosurface and Biotribology 1 (2015) 3–2420[42] J. Lizhang, S.D. Taylor, Z. Jin, J. Fisher, S. Williams, Effect of clearance
on cartilage tribology in hip hemi-arthroplasty, Proc. Inst. Mech. Eng. H
227 (12) (2013) 1284–1291.
[43] J. Li, Q. Wang, Z. Jin, S. Williams, J. Fisher, R.K. Wilcox, Experimental
validation of a new biphasic model of the contact mechanics of the
porcine hip, Proc. Inst. Mech. Eng. H 228 (6) (2014) 547–555.
[44] G.D. Jay, K. Haberstroh, C.J. Cha, Comparison of the boundary-
lubricating ability of bovine synovial ﬂuid, lubricin, and Healon,
J. Biomed. Mater. Res. 40 (3) (1998) 414–418.
[45] B. Zappone, M. Ruths, G.W. Greene, G.D. Jay, J.N. Israelachvili,
Adsorption, lubrication, and wear of lubricin on model surfaces: polymer
brush-like behavior of a glycoprotein, Biophys. J. 92 (5) (2007)
1693–1708.
[46] T.A. Schmidt, N.S. Gastelum, Q.T. Nguyen, B.L. Schumacher, R.L. Sah,
Boundary lubrication of articular cartilage: role of synovial ﬂuid
constituents, Arthritis Rheum. 56 (3) (2007) 882–891.
[47] Yarimitsu Seido, Nakashima Kazuhiro, Sawae Yoshinori, et al., Inﬂu-
ences of lubricant composition on forming boundary ﬁlm composed of
synovia constituents, Tribol. Int. 42 (11–12) (2009) 1615–1623.
[48] J. Seror, Y. Merkher, N. Kampf, L. Collinson, A.J. Day, A. Maroudas,
J. Klein, Normal and shear interactions between hyaluronan–aggrecan
complexes mimicking possible boundary lubricants in articular cartilage
in synovial joints, Biomacromolecules 13 (11) (2012) 3823–3832.
[49] E. Oral, A. Neils, O.K. Muratoglu, High vitamin E content, impact
resistant UHMWPE blend without loss of wear resistance, J. Biomed.
Mater. Res. B: Appl. Biomater. (2014). http://dx.doi.org/10.1002/jbm.
b.33256.
[50] J.J. Halma, J. Señaris, D. Delfosse, R. Lerf, T. Oberbach, S.M. van Gaalen,
A. de Gast, Edge loading does not increase wear rates of ceramic-on-ceramic
and metal-on-polyethylene articulations, Biomed. Mater. Res. B: Appl.
Biomater. 102 (8) (2014) 1627–1638.
[51] A. Rajpura, D. Kendoff, T.N. Board, The current state of bearing surfaces
in total hip replacement, Bone Joint J. 96-B (2) (2014) 147–156.
[52] J. Fisher, D. Dowson, Tribology of total artiﬁcial joints, Proc. Inst. Mech.
Eng. H 205 (2) (1991) 73–79.
[53] A. Unsworth, Recent developments in the tribology of artiﬁcial joints,
Tribol. Int. 28 (7) (1995) 485–495.
[54] Z.M. Jin, J.B. Medley, D. Dowson, Fluid ﬁlm lubrication in artiﬁcial hip
joints, Tribol. Ser. 41 (2003) 237–256.
[55] E. Ingham, J. Fisher, The role of macrophages in osteolysis of total joint
replacement, Biomaterials 26 (11) (2005) 1271–1286.
[56] J. Fisher, Z. Jin, J. Tipper, M. Stone, E. Ingham, Tribology of alternative
bearings, Clin. Orthop. Relat. Res. 453 (2006) 25–34.
[57] J. Fisher, L.M. Jennings, A.L. Galvin, Z.M. Jin, M.H. Stone, E. Ingham,
2009 Knee Society Presidential Guest Lecture: polyethylene wear in total
knees, Clin. Orthop. Relat. Res. 468 (1) (2010) 12–18.
[58] G. Pezzotti, K. Yamamoto, Artiﬁcial hip joints: the biomaterials challenge,
J. Mech. Behav. Biomed. Mater. 31 (2014) 3–20, http://dx.doi.org/10.1016/
j.jmbbm.2013.06.001.
[59] A. Wang, A. Essner, R. Klein, Effect of contact stress on friction and
wear of ultra-high molecular weight polyethylene in total hip replace-
ment, Proc. Inst. Mech. Eng. H 215 (2) (2001) 133–142.
[60] A. Abdelgaied, C.L. Brockett, F. Liu, L.M. Jennings, Z. Jin, J. Fisher,
The effect of insert conformity and material on total knee replacement
wear, Proc. Inst. Mech. Eng. H 228 (1) (2014) 98–106.
[61] Eli W. Patten, Douglas Van Citters, Michael D. Ries, Lisa A. Pruitt,
Quantifying cross-shear under translation, rolling, and rotation, and its
effect on UHMWPE wear, Wear 313 (1–2) (2014) 125–134.
[62] L. McCann, E. Ingham, Z. Jin, J. Fisher, An investigation of the effect of
conformity of knee hemiarthroplasty designs on contact stress, friction
and degeneration of articular cartilage: a tribological study, J. Biomech.
42 (9) (2009) 1326–1331.
[63] D. Baykal, R.J. Underwood, K. Mansmann, M. Marcolongo, S.M. Kurtz,
Evaluation of friction properties of hydrogels based on a biphasic
cartilage model, J. Mech. Behav. Biomed. Mater. 28 (2013) 263–273.
[64] G.W. Greene, A. Olszewska, M. Osterberg, H. Zhu, R. Horn, A cartilage-
inspired lubrication system, Soft Matter. 10 (2) (2014) 374–382.[65] M. Plainfossé, P.V. Hatton, A. Crawford, Z.M. Jin, J. Fisher, Inﬂuence of
the extracellular matrix on the frictional properties of tissue-engineered
cartilage, Biochem. Soc. Trans. 35 (Pt 4) (2007) 677–679.
[66] C.P. Neu, K. Komvopoulos, A.H. Reddi, The interface of functional
biotribology and regenerative medicine in synovial joints, Tissue Eng. Pt.
B Rev. 14 (3) (2008) 235–247.
[67] H. Pourmohammadali, N. Chandrashekar, J.B. Medley, Hydromechanical
stimulator for chondrocyte-seeded constructs in articular cartilage tissue
engineering applications, Proc. Inst. Mech. Eng. H 227 (3) (2013)
310–316.
[68] L.M. Jennings, M. Al-Hajjar, C.L. Brockett, S. Williams, J.L. Tipper,
E. Ingham, J. Fisher, Enhancing the safety and reliability of joint
replacement implants, Orthop. Trauma 26 (4) (2012) 246–252.
[69] F. Liu, A. Galvin, Z. Jin, J. Fisher, A new formulation for the prediction
of polyethylene wear in artiﬁcial hip joints, Proc. Inst. Mech. Eng. H 225
(1) (2011) 16–24.
[70] A. Abdelgaied, F. Liu, C. Brockett, L. Jennings, J. Fisher, Z. Jin,
Computational wear prediction of artiﬁcial knee joints based on a new
wear law and formulation, J. Biomech. 44 (6) (2011) 1108–1116.
[71] Aiguo Wang, Reginald Lee, Lizeth Herrera, Laryssa Korduba, Wear of
ultra-high molecular weight polyethylene moving along a circular path in
a hip simulator, Wear 301 (1–2) (2013) 157–161.
[72] S.T. O'Brien, E.R. Bohm, M.J. Petrak, U.P. Wyss, J.M. Brandt,
An energy dissipation and cross shear time dependent computational
wear model for the analysis of polyethylene wear in total knee
replacements, J. Biomech. 47 (5) (2014) 1127–1133.
[73] Z. Chen, X. Zhang, M.M. Ardestani, L. Wang, Y. Liu, Q. Lian, J. He,
D. Li, Z. Jin, Prediction of in vivo joint mechanics of an artiﬁcial knee
implant using rigid multi-body dynamics with elastic contacts, Proc. Inst.
Mech. Eng. H 228 (6) (2014) 564–575.
[74] P. Agache, P. Humbert, Measuring the Skin—Non-Invasive Investiga-
tions. Physiology, Normal Constants, 1st ed., Springer-Verlag, Berlin,
2004.
[75] K. Subramanyan, M. Misra, S. Mukherjee, K. Ananthapadmanabhan,
Advances in the materials science of skin: a composite structure with
multiple functions, MRS Bull. 32 (10) (2007) 770–778.
[76] M. Adams, B. Briscoe, S. Johnson, Friction and lubrication of human
skin, Tribol. Lett. 26 (3) (2007) 239–253.
[77] M.A. Meyers, P.-Y. Chen, A.Y.-M. Lin, Y. Seki, Biological materials:
structure and mechanical properties, Prog. Mater. Sci. 53 (1) (2008)
1–206.
[78] D.F. Moore, The Friction and Lubrication of Elastomers, Pergamon
Press, Oxford, 1972.
[79] D. Dowson, Tribology and the skin surface, in: K.-P. Wilhelm, P. Elsner,
E. Berardesca, H.I. Maibach (Eds.), Bioengineering of the Skin: Skin Surface
Imaging and Analysis, CRC Press, Boca Raton, 1997, pp. 159–179.
[80] L.J. Wolfram, Friction of skin, J. Soc. Cosmet. Chem. 34 (8) (1983)
465–476.
[81] S.A. Johnson, D.M. Gorman, M.J. Adams, B.J. Briscoe, The friction and
lubrication of human stratum corneum, in: D. Dowson et al.(Ed.),
Tribology Series—Thin Films in Tribology, Proceedings of the 19th
Leeds-Lyon Symposium on Tribology held at the Institute of Tribology,
University of Leeds, vol. 25, Elsevier, Amsterdam, 1993, pp. 663–672.
[82] A.A. Koudine, M. Barquins, P.H. Anthoine, L. Aubert, J.L. Leveque,
Frictional properties of skin: proposal of a new approach, Int. J. Cosmet.
Sci. 22 (1) (2000) 11–20.
[83] C. Pailler-Mattei, H. Zahouani, Study of adhesion forces and mechanical
properties of human skin in vivo, J. Adhes. Sci. Technol. 18 (15–16)
(2004) 1739–1758.
[84] A. Derler, L.-C. Gerhardt, Tribology of skin: review and analysis of
experimental results for the friction coefﬁcient of human skin, Tribol.
Lett. 45 (2011) 1–27.
[85] L.-C. Gerhardt, A. Lenz, N.D. Spencer, T. Münzer, S. Derler, Skin–
textile friction and skin elasticity in young and aged persons, Skin Res.
Technol. 15 (3) (2009) 288–298.
[86] R.K. Sivamani, J. Goodman, N.V. Gitis, H.I. Maibach, Coefﬁcient of
friction: tribological studies in man—an overview, Skin Res. Technol. 9
(3) (2003) 227–234.
Z.R. Zhou, Z.M. Jin / Biosurface and Biotribology 1 (2015) 3–24 21[87] N. Gitis, R. Sivamani, Tribometrology of skin, Tribol. Trans. 47 (4)
(2004) 461–469.
[88] M. Egawa, M. Oguri, T. Hirao, M. Takahashi, M. Miyakawa, The
evaluation of skin friction using a frictional feel analyzer, Skin Res.
Technol. 8 (1) (2002) 41–51.
[89] K. Nakajima, H. Narasaka, Evaluation of skin surface associated with
morphology and coefﬁcient of friction, Int. J. Cosmet. 15 (1993) 135–151.
[90] A.B. Cua, K.P. Wilhelm, H.I. Maibach, Skin surface lipid and skin
friction: relation to age, sex and anatomical region, Skin Pharmacol. 8 (5)
(1995) 246–251.
[91] A. Elkhyat, A. Mavon, M. Leduc, P. Agache, P. Humbert, Skin critical
surface tension—a way to assess the skin wettability quantitatively, Skin
Res. Technol. 2 (2) (1996) 91–96.
[92] A.B. Gupta, B. Haldar, M. Bhattacharya, A simple device for measuring
skin friction, Ind. J. Dermatol. 40 (3) (1995) 116–121.
[93] A. Mavon, H. Zahouani, D. Redoules, P. Agache, Y. Gall, P. Humbert,
Sebum and stratum corneum lipids increase human skin surface free
energy as determined from contact angle measurements: a study on two
anatomical sites, Colloid Surf. B 8 (3) (1997) 147–155.
[94] C. Pailler-Mattei, S. Nicoli, E. Pirot, R. Vargiolu, H. Zahouani, A new
approach to describe the skin surface physical properties in vivo, Colloid
Surf. B 68 (2) (2009) 200–206.
[95] R.K. Sivamani, G.C. Wu, N.V. Gitis, H.I. Maibach, Tribological testing
of skin products: gender, age, and ethnicity on the volar forearm, Skin
Res. Technol. 9 (4) (2003) 299–305.
[96] M. Loden, H. Olsson, T. Axell, Y.W. Linde, Friction, capacitance and
transepidermal water loss (TEWL) in dry atopic and normal skin, Br. J.
Dermatol. 126 (2) (1992) 137–141.
[97] Y.H. Zhu, S.P. Song, W. Luo, P.M. Elias, M.Q. Man, Characterization of
skin friction coefﬁcient, and relationship to stratum corneum hydration in
a normal Chinese population, Skin Pharmacol. Physiol. 24 (2) (2011)
81–86.
[98] S. Comaish, E. Bottoms, The skin and friction: deviations from
Amonton's laws, and the effects of hydration and lubrication, Br. J.
Dermatol. 84 (1) (1971) 37–43.
[99] P. Kenins, Inﬂuence of ﬁber type and moisture on measured fabric-to-
skin friction, Text. Res. J. 64 (12) (1994) 722–728.
[100] D.R. Highley, M. Coomey, M. Denbeste, L.J. Wolfram, Frictional
properties of skin, J. Invest. Dermatol. 69 (3) (1977) 303–305.
[101] A.F. El-Shimi, In vivo skin friction measurements, J. Soc. Cosmet.
Chem. 28 (1977) 37–51.
[102] P. Elsner, D. Wilhelm, H.I. Maibach, Frictional properties of human forearm
and vulvar skin: inﬂuence of age and correlation with transepidermal water
loss and capacitance, Dermatologica 181 (2) (1990) 88–91.
[103] S. Pasumarty, S. Johnson, S. Watson, M. Adams, Friction of the human
ﬁnger pad: inﬂuence of moisture, occlusion and velocity, Tribol. Lett. 44
(2011) 117–137.
[104] W. Li, Z.H. Zhai, Q. Pang, L. Kong, Z.R. Zhou, Inﬂuence of exfoliating
facial cleanser on the bio-tribological properties of human skin, Wear
301 (2013) 353–361.
[105] A.B. Cua, K.P. Wilhelm, H.I. Maibach, Frictional properties of human
skin: relation to age, sex and anatomical region, stratum corneum
hydration and transepidermal water loss, Br. J. Dermatol. 123 (4) (1990)
473–479.
[106] L.-C. Gerhardt, V. Strassle, A. Lenz, N.D. Spencer, S. Derler, Inﬂuence
of epidermal hydration on the friction of human skin against textiles,
J. R. Soc. Interface 5 (2008) 1317–1328.
[107] C. Hendriks, S. Franklin, Inﬂuence of surface roughness, material and
climate conditions on the friction of human skin, Tribol. Lett. 37 (2)
(2010) 361–373.
[108] M. Kwiatkowska, S.E. Franklin, C.P. Hendriks, K. Kwiatkowski,
Friction and deformation behaviour of human skin, Wear 267 (5–8)
(2009) 1264–1273.
[109] T. Andre, P. Lefevre, J.-L. Thonnard, A continuous measure of ﬁngertip
friction during precision grip, J. Neurosci. Methods 179 (2) (2009) 224–229.
[110] S.E. Tomlinson, R. Lewis, X. Liu, C. Texier, M.J. Carre, Understanding
the friction mechanisms between the human ﬁnger and ﬂat contacting
surfaces in moist conditions, Tribol. Lett. 41 (1) (2011) 283–294.[111] S. Derler, L.-C. Gerhardt, A. Lenz, E. Bertaux, M. Hadad, Friction of
human skin against smooth and rough glass as a function of the contact
pressure, Tribol. Int. 42 (11–12) (2009) 1565–1574.
[112] L. Skedung, K. Danerlöv, U. Olofsson, M. Aikala, K. Niemi, J. Kettle,
M. Rutland, Finger friction measurements on coated and uncoated
printing papers, Tribol. Lett. 37 (2) (2010) 389–399.
[113] S.E. Tomlinson, R. Lewis, M.J. Carré, The effect of normal force and
roughness on friction in human ﬁnger contact, Wear 267 (5–8) (2009)
1311–1318.
[114] S. Derler, R. Huber, H.P. Feuz, M. Hadad, Inﬂuence of surface
microstructure on the sliding friction of plantar skin against hard
substrates, Wear 267 (5–8) (2009) 1281–1288.
[115] A. Elkhyat, C. Courderot-Masuyer, T. Gharbi, P. Humbert, Inﬂuence of
the hydrophobic and hydrophilic characteristics of sliding and slider
surfaces on friction coefﬁcient: in vivo human skin friction comparison,
Skin Res. Technol. 10 (4) (2004) 215–221.
[116] M. Zhang, A.F.T. Mak, In vivo friction properties of human skin,
Prosthet. Orthot. Int. 23 (2) (1999) 135–141.
[117] W. Tang, S.R. Ge, H. Zhu, X.C. Cao, N. Li, The inﬂuence of normal
load and sliding speed on frictional properties of skin, J. Bionic Eng. 5
(1) (2008) 33–38.
[118] D.M. O'Meara, R.M. Smith, Static friction properties between human
palmar skin and ﬁve grabrail materials, Ergonomics 44 (11) (2001)
973–988.
[119] J. Asserin, H. Zahouani, P. Humbert, V. Couturaud, D. Mougin,
Measurement of the friction coefﬁcient of the human skin in vivo—
quantiﬁcation of the cutaneous smoothness, Colloid Surf. B 19 (1)
(2000) 1–12.
[120] R.K. Sivamani, H.I. Maibach, Tribology of skin, Proc. Inst. Mech. Eng.
J 220 (J8) (2006) 729–737.
[121] P. Elsner, D. Wilhelm, H.I. Maibach, Physiological skin surface water
loss dynamics of human vulvar and forearm skin, Acta Derm. Venereol.
70 (2) (1990) 141–144.
[122] H. Tanimoto, M. Nashimoto, Evaluation of cosmetic effects with a
friction meter, Cosmet. Toilet. 94 (1979) 20–24.
[123] W. Tang, B. Bhushan, S. Ge, Friction, adhesion and durability and
inﬂuence of humidity on adhesion and surface charging of skin and
various skin creams using atomic force microscopy, J. Microsc. 239 (2)
(2010) 99–116.
[124] A. Elkhyat, S. Mac-Mary, P. Humbert, Skin wettability and friction, in: A.
O. Barel, M. Paye, H.I. Maibach (Eds.), Handbook of Cosmetic Science
and Technology, Informa Healthcare, New York, 2009, pp. 427–436.
[125] M.O. Visscher, R. Chatterjee, J.P. Ebel, A.A. LaRuffa, S.B. Hoath,
Biomedical assessment and instrumental evaluation of healthy infant
skin, Pediatr. Dermatol. 19 (6) (2002) 473–481.
[126] W.A. Akers, Measurements of friction injuries in man, Am. J. Ind. Med.
8 (4–5) (1985) 473–481.
[127] T.J. Armstrong, Mechanical considerations of skin in work, Am. J. Ind.
Med. 8 (4–5) (1985) 463–472.
[128] W. Li, M. Kong, X.D. Liu, Z.R. Zhou, Tribological behavior of scar
skin and prosthetic skin in vivo, Tribol. Int. 41 (7) (2008) 640–647.
[129] J. Sanders, J. Greve, S. Mitchell, S. Zachariah, Material properties of
commonly-used interface materials and their static coefﬁcients of
friction with skin and socks, J. Rehabil. Res. Dev. 35 (2) (1998) 161.
[130] W. Li, X.D. Liu, Z.B. Cai, J. Zheng, Z.R. Zhou, Effect of prosthetic socks
on the frictional properties of residual limb skin, Wear 271 (11–12) (2011)
2804–2811.
[131] S.E. Tomlinson, R. Lewis, S. Ball, A. Yoxall, M.J. Carré, Under-
standing the effect of ﬁnger-ball friction on the handling performance of
rugby balls, Sports Eng. 11 (3) (2009) 109–118.
[132] A.M. Cottenden, W.K. Wong, D.J. Cottenden, A. Farbrot, Development
and validation of a new method for measuring friction between skin and
nonwoven materials, Proc. Inst. Mech. Eng. H 222 (H5) (2008)
791–803.
[133] M.A. Darden, C.J. Schwartz, Investigation of skin tribology and its
effects on the tactile attributes of polymer fabrics, Wear 267 (5–8)
(2009) 1289–1294.
Z.R. Zhou, Z.M. Jin / Biosurface and Biotribology 1 (2015) 3–2422[134] R. Lewis, C. Menardi, A. Yoxall, J. Langley, Finger friction: grip and
opening packaging, Wear 263 (7–12) (2007) 1124–1132.
[135] C.J. Barnes, T.H.C. Childs, B. Henson, C.H. Southee, Surface ﬁnish and
touch—a case study in a new human factors tribology, Wear 257 (7–8)
(2004) 740–750.
[136] G.K. Essick, F. McGlone, C. Dancer, D. Fabricant, Y. Ragin,
N. Phillips, T. Jones, S. Guest, Quantitative assessment of pleasant
touch, Neurosci. Biobehav. R 34 (2) (2010) 192–203.
[137] D.M. O'Meara, R.M. Smith, Functional handgrip test to determine the
coefﬁcient of static friction at the hand/handle interface, Ergonomics 45
(10) (2002) 717–731.
[138] P.F.D. Naylor, The skin surface and friction, Br. J. Dermatol. 67 (1955)
239–248.
[139] A. Ramalho, C.L. Silva, A.A.C.C. Pais, J.J.S. Sousa, In vivo friction
study of human skin: inﬂuence of moisturizers on different anatomical
sites, Wear 263 (2007) 1044–1049.
[140] C.C. Lyon, J. Kulkarni, E. Zimerson, E. Van Ross, M.H. Beck, Skin
disorders in amputees, J. Am. Acad. Dermatol. 42 (2000) 501–507.
[141] C. Brueck, The role of topical lubrication in the prevention of skin
friction in physically challenged athletes, J. Sports Chiropr. Rehabil. 14
(2000) 37–41.
[142] J.J.R. Knapik, K.L. Duplantis, B.H. Jones, Friction blisters, pathophy-
siology, prevention and treatment, Sports Med. 20 (1995) 136–147.
[143] M. Xing, N. Pan, W. Zhong, H. Maibach, Skin friction blistering:
computer model, Skin Res. Technol. 13 (2007) 310–316.
[144] W. Li, S.X. Qu, Y.J. Zheng, Q. Pang, J. Zheng, Z.R. Zhou, Skin self-
adaptation to friction trauma under reciprocal sliding conditions, Tribol.
Int. 44 (2011) 1782–1789.
[145] M. Zhang, A.R. Turner-Smith, A. Tanner, V.C. Roberts, Clinical
investigation of the pressure and shear stress on the transtibial stump
with a prosthesis, Med. Eng. Phys. 20 (1998) 188–198.
[146] W. Li, Q. Pang, Y.S. Jiang, Z.H. Zhai, Z.R. Zhou, Study of
physiological parameters and comfort sensations during friction contacts
of the human Skin, Tribol. Lett. 48 (2012) 293–304.
[147] X. Liu, R. Lewis, M.J. Carré, S.J. Matcher, Feasibility of using optical
coherence tomography to study the inﬂuence of skin structure on ﬁnger
friction, Tribol. Int. 63 (2012) 34–44.
[148] S. Derler, A. Rao, P. Ballistreri, R. Huber, A. Scheel-Sailer, R.M. Rossi,
Medical textiles with low friction for decubitus prevention, Tribol. Int.
46 (1) (2012) 208–214.
[149] X. Hu, A.C. Shortall, P.M. Marquis, Wear of dental composites under
different testing conditions, J. Oral Rehabil. 29 (2002) 764–765.
[150] P.V. Antunes, A. Ramalho, Study of abrasive resistance of composites
for dental restoration by ball-cratering, Wear 255 (2003) 990–998.
[151] G.T. Kluemper, D.G. Hiser, M.K. Rayens, M.J. Jay, Efﬁcacy of a wax
containing benzocaine in the relief of oral mucosal pain caused
by orthodontic appliances, J. Orthod. Dentofac. Orthop. 122 (2002)
359–365.
[152] L.A. Litonjua, S. Andreana, P.T. Bush, R.E. Cohen, Toothbrushing and
gingival recession, Int. Dent. J. 53 (2) (2003) 67–72.
[153] Z.R. Zhou, J. Zheng, Tribology of dental materials: a review, J. Phys. D:
Appl. Phys. 41 (2008) 113001.
[154] Z.R. Zhou, J. Zheng, Oral tribology, J. Eng. Tribol. 220 (2006)
739–754.
[155] B.K.B. Berkovitz, G.R. Holland, B.J. Moxham, A Color Atlas and
textbook of Oral Anatomy, Wolfe Medical Publications Ltd., 1977.
[156] A.J. Gwinnett, Structure and composition of enamel, Operative Dent.
(Suppl. 5) (1992) S10–S17.
[157] J. Zheng, Z.R. Zhou, J. Zhang, H. Li, H.Y. Yu, On the friction and wear
behavior of human enamel and dentin, Wear 255 (2003) 967–974.
[158] S. Habelitz, S.J. Marshall, G.W. Marshall, M. Balooch, Mechanical
properties of human dental enamel on the nanometre scale, Arch. Oral
Biol. 39 (2001) 173–183.
[159] I.A. Mjör, Human coronal dentine: structure and reactions, Oral Surg.
Oral Med. Oral Pathol. Oral Radiol. Endod. 33 (1972) 810–823.
[160] R.G. Every, W.G. Kuhne, Biomodal wear of mammalian teeth, in: D.
M. Kermack, K.A. Kermack (Eds.), Early Mammals, Academic Press,
London, 1971, pp. p23–p27.[161] S. Hooper, R.G. Newcombe, R. Faller, R. Eversole, M. Addy,
N.X. West, The protective effects of toothpaste against erosion by
orange juice: studies in situ and in vitro, J. Dent. 35 (2007) 476–481.
[162] B.T. Amaechi, S.M. Higham, Dental erosion: possible approaches to
prevention and control, J. Dent. 33 (2005) 243–252.
[163] R. Lewis, R.S. Dwyer-Joyce, Wear of human teeth: a tribological
perspective, Proc. IMechE Pt. J: J. Eng. Tribol. 219 (2005) 1–18.
[164] R. Delong, Inter-oral restorative materials wear: rethinking the current
approaches: how to measure wear, Dent. Mater. 22 (2006) 702–711.
[165] M.C. Mass, Enamel structure and microwear: an experimental study of
the response of enamel to shearing force, Am. J. Phys. Anthropol. 85
(1991) 31–49.
[166] E.D. Rekov, P. van Thompson, S. Jahanmir, R. Nagarajan, Wear in the
unique environment of the mouth, in: Proceedings of the Second Joint
American-Eastern European Conference on New Materials and Tech-
nologies in Tribology, Abstract of Papers, Infotribo, Gomel, Belarus,
1997, p. 45.
[167] J. Zheng, Z.R. Zhou, Study of in vitro wear of human tooth enamel,
Tribol. Lett. 26 (2007) 181–189.
[168] J.A. Arsecularatne, M. Hoffman, On the wear mechanism of human
dental enamel, J. Mech. Behav. Biomed. Mater. 3 (2010) 347–356.
[169] J.A. Arsecularatne, M. Hoffman, Ceramic-like wear behaviour of human
dental enamel, J. Mech. Behav. Biomed. Mater. 8 (2012) 47–57.
[170] J. Zheng, Z.R. Zhou, Effect of age on the friction and wear behaviors of
human teeth, Tribol. Int. 39 (3) (2006) 266–273.
[171] J. Zheng, Y. Huang, L.M. Qian, Z.R. Zhou, Nanomechanical properties
and microtribological behaviours of human tooth enamel, Proc. Inst.
Mech. Eng. Part J—J. Eng. Tribol. 224 (6) (2010) 577–587.
[172] Y.R. Jeng, T.T. Lin, H.M. Hsu, H.J. Chang, D.B. Shieh, Human enamel
rod presents anisotropic nanotribological properties, J. Mech. Behav.
Biomed. Mater. 4 (2011) 515–522.
[173] G. Guidoni, M. Swain, I. Jäger, Enamel: from brittle to ductile like
tribological response, J. Dent. 36 (2008) 786–794.
[174] J. Zheng, Y. Li, M.Y. Shi, Y.F. Zhang, L.M. Qian, Z.R. Zhou,
Microtribological behaviour of human tooth enamel and artiﬁcial
hydroxyapatite, Tribol. Int. 63 (2013) 177–185.
[175] J. Zheng, L.Q. Weng, M.Y. Shi, J. Zhou, L.C. Hua, L.M. Qian,
Z.R. Zhou, Effect of water content on the nanomechanical properties
and microtribological behaviour of human tooth enamel, Wear 301 (1–
2) (2013) 316–323.
[176] J. Zheng, Z.R. Zhou, Friction and wear behavior of human teeth under
various wear conditions, Tribol. Int. 40 (2007) 278–284.
[177] J.A. Kaidonis, L.C. Richards, G.C. Townsen, G.D. Tansley, Wear of
human enamel: a quantitative in vitro assessment, J. Dent. Res. 77
(1998) 1983–1990.
[178] N. Burak, J.A. Kaidonis, L.C. Richards, G.C. Townsend, Experimental
studies of human dentine wear, Arch. Oral Biol. 44 (1999) 885–887.
[179] A. Sengupta, D.K. Whittaker, G. Barber, J. Rogers, J.H. Musgrave,
The effects of dental wear on third molar eruption and on the curve of
spee in human archaeological dentitions, Arch. Oral Biol. 44 (1999)
925–934.
[180] M. Mass, A scanning electron-microscope study of in vitro abrasion of
mammalian tooth enamel under compressive loads, Arch. Oral Biol. 39
(1994) 1–11.
[181] J. Zheng, F. Xiao, L.M. Qian, Z.R. Zhou, Erosion behavior of human
tooth enamel in citric acid solution, Tribol. Int. 42 (2009) 1558–1564.
[182] J. Zheng, F. Xiao, L. Zheng, L.M. Qian, Z.R. Zhou, Erosion behaviors
of human tooth enamel at different depth, Tribol. Int. 43 (7) (2010)
1262–1267.
[183] M.E. Barbour, D.M. Parker, G.C. Allen, K.D. Jandt, Human enamel
dissolution in citric acid as a function of pH in the range 2.30r
pHr6.30 – a nanoindentation study, Eur. J. Oral Sci. 111 (2003)
258–262.
[184] M. Eisenburger, M. Addy, Erosion and attrition of human enamel
in vitro Part I: interaction effects, J. Dent. 20 (2002) 341–347.
[185] D.W. Bartlett, L. Blunt, B.G.N. Smith, Measurement of tooth wear in
patients with palatal erosion, Br. Dent. J. 182 (1997) 179–184.
Z.R. Zhou, Z.M. Jin / Biosurface and Biotribology 1 (2015) 3–24 23[186] M. Shabanian, L.C. Richards, In vitro wear rates of materials under
different loads and varying pH, J. Prosthet. Dent. 87 (2002) 650–656.
[187] J. Zheng, H. Huang, M.Y. Shi, L. Zheng, L.M. Qian, Z.R. Zhou, In vitro
study on the wear behaviour of human tooth enamel in citric acid
solution, Wear 271 (2011) 2313–2321.
[188] A.V. Amerongen, J.G.M. Bolscher, E.C.I. Veerman, Salivary proteins:
protective and diagnostic value in cariology?, Caries Res. 38 (2004)
247–253.
[189] L. Zheng, J. Zheng, L.Q. Weng, L.M. Qian, Z.R. Zhou, Effect of
remineralization on the nanomechanical properties and microtribological
behaviour of acid-eroded human tooth enamel, Wear 271 (2011)
2297–2304.
[190] L. Zheng, J. Zheng, Y.F. Zhang, L.M. Qian, Z.R. Zhou, Effect of CPP-
ACP on the remineralization of acid-eroded human tooth enamel:
nanomechanical properties and microtribological behaviour study, J.
Phys. D: Appl. Phys. 46 (404006) (2013) 9 pp.
[191] J.S. Rees, D.C. Jagger, Abfraction lesions: myth or reality?, J. Esthet.
Restor. Dent. 15 (2003) 263–271.
[192] A. Pergamalian, T.E. Rudy, H.S. Zaki, C.M. Greco, The association
between wear facts, bruxism, and severity of facial pain in patients with
temporomandibular disorders, J. Prosthet. Dent. 90 (2003) 194–200.
[193] S. Hamlet, J. Faull, B. Klein, A. Aref, J. Fontanesi, R. Stachler,
F. Shamsa, L. Jones, M. Simpson, Mastication and swallowing in
patients with postirradiation xerostomia, Int. J. Radiat. Oncol. Biol.
Phys. 37 (1997) 789–796.
[194] M. Addy, M.L. Hunter, Can tooth brushing damage your health? Effects
on oral and dental tissues, Int. Dent. J. 53 (3) (2003) 177–186.
[195] S. Hooper, N.X. West, M.J. Pickles, A. Joiner, R.G. Newcombe,
M. Addy, Investigation of erosion and abrasion on enamel and dentine:
a model in situ using toothpastes of different abrasivity, J. Clin.
Periodontol. 30 (2003) 802–808.
[196] A.O. Oginni, A.O. Olusile, C.I. Udoye, Non-carious cervical lesions in a
Nigerian population: abrasion or abfraction?, Int Dent. J. 53 (5) (2003)
275–279.
[197] D. Upadhyay, M.A. Panchal, R.S. Dusbey, V.K. Srivastava, Corrosion
of alloys used in dentistry: a review, Mater. Sci. Eng. A 432 (2006)
1–11.
[198] R. Van Noort, N. Gjerdet, A. Schedle, L. Bjökman, A. Berglund, An
overview of the current status of national reporting systems for adverse
reactions to dental materials, J. Dent. 32 (2004) 351–358.
[199] D. Steinberg, A. Klinger, D. Kohavi, M.N. Sela, Adsorption of human
salivary proteins to titanium powder: I. Adsorption of human salivary
albumin, Biomaterials 16 (1995) 1339–1343.
[200] M.A. Khan, R.L. Williams, D.F. Williams, In-vitro corrosion and wear
of titanium alloys in the biological environment, Biomaterials 17 (1996)
2117–2126.
[201] C. Ohkubo, I. Shimura, T. Aoki, S. Hanatani, T. Hosoi, M. Hattori,
Y. Oda, T. Okabe, Wear resistance of experimental Ti–Cu alloys,
Biomaterials 24 (2003) 3377–3381.
[202] D. Iijima, T. Yoneyama, H. Doi, H. Hamanaka, N. Kurosaki, Wear
properties of Ti and Ti–6Al–7Nb castings for dental prostheses,
Biomaterials 24 (2003) 1519–1524.
[203] A.C. Faria, R.C. Rodrigues, A.P. Claro, M. da Gloria Chiarello de
Mattos, R.F. Ribeiro, Wear resistance of experimental titanium alloys
for dental applications, J. Mech. Behav. Biomed. Mater. 4 (2011)
1873–1879.
[204] G. Willems, K. Clocheret, J.P. Celis, G. Verbeke, E. Chatzicharalampous,
C. Carels, Frictional behavior of stainless steel bracketwire combinations
subjected to small oscillating displacements, Am. J. Orthod. Dentofac.
Orthop. 120 (2001) 371–377.
[205] M. Tselepis, P. Brockhurst, V.C. West, The dynamic frictional
resistance between orthodontic brackets and arch wires, Am. J. Orthod.
Dentofac. Orthop. 106 (1994) 131–138.
[206] G.T. Kluemper, D.G. Hiser, M.K. Rayens, M.J. Jay, Efﬁcacy of a wax
containing benzocaine in the relief of oral mucosal pain caused by
orthodontic appliances, Am. J. Orthod. Dentofac. Orthop. 122 (2002)
265–359.[207] R.B. Waterhouse, Fretting Fatigue, Elsevier Applied Science, London,
1981.
[208] H.Y. Yu, Z.B. Cai, Z.R. Zhou, M.H. Zhu, Fretting behavior of cortical
bone against titanium and its alloy, Wear 259 (2005) 910–918.
[209] H.Y. Yu, S.S. Gao, Z.B. Cai, H.X. Quan, M.H. Zhu, Dual-motion
fretting behavior of mandibular cortical bone against pure titanium,
Tribol. Int. 42 (2009) 1365–1372.
[210] J.R. Kelly, Ceramics in restorative and prosthetic dentistry, Annu. Rev.
Mater. Sci. 27 (1997) 443–468.
[211] B. Cales, Colored zirconia ceramics for dental applications, Bioceramics
11 (1998) 591–594.
[212] L. Yin, S. Jahanmir, L.K. Ives, Abrasive machining of porcelain and
zirconia with a dental handpiece, Wear 255 (2003) 975–989.
[213] H.C. Wang, M.M. Stack, W.L. Li, T.F. Hong, M.C. Wang, On the
construction of wear maps for Y-TZP dental ceramics in aqueous
environments: pH, exposure time and impact angle effects, Tribol. Int.
43 (2010) 2258–2267.
[214] W. Oh, R. Delong, K.J. Anusavice, Factors affecting enamel and
ceramic wear: a literature review, J. Prosthet. Dent. 87 (2002) 451–459.
[215] A. Kadokawa, S. Suzuki, T. Tataka, Wear evaluation of porcelain
opposing gold, composite resin, and enamel, J. Prosthet. Dent. 96 (2006)
258–265.
[216] H.Y. Yu, Z.B. Cai, P.D. Ren, M.H. Zhu, Z.R. Zhou, Friction and wear
behavior of dental feldspathic porcelain, Wear 261 (2006) 611–621.
[217] L. Wang, Y.H. Liu, W.J. Si, H.L. Feng, Y.Q. Tao, Z.Z. Ma, Friction and
wear behaviors of dental ceramics against natural tooth enamel, J. Eur.
Ceram. Soc. 32 (2012) 2599–2606.
[218] V. Preis, M. Behr, G. Handel, S. Schneider-Feyrer, S. Hahnel,
M. Rosentritt, Wear performance of dental ceramics after grinding and
polishing treatments, J. Mech. Behav. Biomed. Mater. 10 (2012) 13–22.
[219] G. Mitov, S.D. Heintze, S. Walz, K. Woll, F. Muecklich, P. Pospiech,
Wear behavior of dental Y-TZP ceramic against natural enamel after
different ﬁnishing procedures, Dent. Mater. 28 (2012) 909–918.
[220] P. Derand, P. Vereby, Wear of low-fusing dental porcelains, J. Prosthet.
Dent. 81 (1999) 460–463.
[221] K.T. Metzler, R.D. Woody, A.W. Miller III, B.H. Miller, In vitro
investigation of the wear of human enamel by dental porcelain,
J. Prosthet. Dent. 81 (1999) 356–364.
[222] M.J. Kim, S.H. Oh, J.H. Kim, S.W. Ju, D.G. Seo, S.H. Jun, J.S. Ahn,
J.J. Ryu, Wear evaluation of the human enamel opposing different Y-
TZP dental ceramics and other porcelains, J. Dent. 40 (2012) 979–988.
[223] S. Hahnel, S. Schultz, C. Trempler, B. Ach, G. Handel, M. Rosentritt,
Two-body wear of dental restorative materials, J.Mech. Behav. Biomed.
Mater. 4 (2011) 237–244.
[224] P. Lambrechts, K. Goovaerts, D. Bharadwaj, J. DE Munck, Degradation
of tooth structure and restorative materials: a review, Wear 261 (2006)
980–986.
[225] N. Moszner, U. Salz, New development of polymeric dental composites,
Process Polym.Sci. 26 (2001) 535–576.
[226] B.-S. Lim, J.L. Ferracane, J.R. Condon, J.D. Adey, Effect of ﬁller
fraction and ﬁller surface treatment on wear of microﬁlled composites,
Dent. Mater. 18 (2002) 1–11.
[227] C.P. Turssi, J.L. Ferracane, K. Vogel, Filler feature and their effects on
wear and degree conversion of particulate dental resin composites,
Biomaterials 26 (2005) 4932–4937.
[228] J.Y. Zeng, Y. Sato, C. Ohkubo, T. Hosoi, In vitro wear resistance of
three types of composite resin denture teeth, J. Prosthet. Dent. 94 (2005)
453–457.
[229] N. Tanoue, H. Matsumura, M. Atsuta, Analysis of composite type and
different sources of polymerization light on in vitro toothbrush/dentifrice
abrasion resistance, J. Dent. 28 (2000) 355–359.
[230] A. Peutzfeldt, E. Asmussen, The effect of postcuring on quantity of
remaining double bonds, mechanical properties, and in vitro wear of two
resin composites, J. Dent. 28 (2000) 447–452.
[231] J.D. Scholtanus, M.-C. Huysmans, Clinical failure of class-I restorations
of a highly viscous glass-ionomer materials over a 6-year period: a
retrospective study, J. Dent. 35 (2007) 156–162.
Z.R. Zhou, Z.M. Jin / Biosurface and Biotribology 1 (2015) 3–2424[232] A. Prakki, R. Cilli, R.F.L. Mondelli, S. Kalachandra, J.C. Pereira,
Inﬂuence of pH environment on polymer based dental material proper-
ties, J. Dent. 33 (2005) 91–98.
[233] P.V. De Almeida, A. Gregio, M. Machado, A. De Lima, L.R. Azevedo,
Saliva composition and functions: a comprehensive review, J. Contemp.
Dent. Pract. 9 (2008) 72–80.
[234] I.C.H. Berg, M.W. Rutland, T. Arnebrant, Lubricating properties of the
initial salivary pellicle – an AFM study, Biofouling 19 (6) (2003)
365–369.
[235] E. Sajewicz, Effect of saliva viscosity on tribological behaviour of tooth
enamel, Tribol. Int. 42 (2009) 327–332.
[236] L. Macakova, G.E. Yakubov, M.A. Plunkett, J.R. Stokes, Inﬂuence of
ionic strength changes on the structure of pre-adsorbed salivary ﬁlms.
A response of a natural multi-component layer, Colloids Surf. B:
Biointerfaces 77 (2010) 31–39.
[237] Y. Zhang, J. Zheng, L. Zheng, X. Shi, L. Qian, Z. Zhou, Effect of
adsorption time on the lubricating properties of the salivary pellicle on
human tooth enamel, Wear 301 (2013) 300–307.
[238] L. Macakova, G.E. Yakubov, M.A. Plunkett, J.R. Stokes, Inﬂuence of
ionic strength on the tribological properties of pre-adsorbed salivary
ﬁlms, Tribol. Int. 44 (2011) 956–962.
[239] I.E. Svendsen, L. Lindh, The composition of enamel salivary ﬁlms is
different from the ones formed on dental materials, Biofouling 25 (2009)
255–261.
[240] N.M. Harvey, G.H. Carpenter, G.B. Proctor, J. Klein, Normal and
frictional interactions of puriﬁed human statherin adsorbed on
molecularly-smooth solid substrata, Biofouling 27 (2011) 823–835.
[241] J. Sotres, L. Lindh, T. Arnebrant, Friction force spectroscopy as a tool to
study the strength and structure of salivary ﬁlms, Langmuir 27 (2011)
13692–13700.
[242] C.T. Wang, S.R. Ge, Z.R. Zhou, Human Biotribology (in Chinese),
Science Press, Beijing, 2008.
[243] Y.X. Leng, J.Y. Chen, Z.M. Zeng, X.B. Tian, P. Yang, N. Huang,
Z.R. Zhou, P.K. Chu, Properties of titanium oxide biomaterials
synthesized by titanium plasma immersion ion implantation and reactive
ion oxidation, Thin Solid Films 377–378 (2000) 573–577.
[244] C. Sperling, A.F. Maitz, S. Talkenberger, M.F. Gouzy, T. Groth,
C. Werner, In vitro blood reactivity to hydroxylated and non-
hydroxylated polymer surfaces, Biomaterials 28 (2007) 3617–3625.
[245] T.W. Secomb, R. Hsu, A.R. Pries, Tribology of capillary blood ﬂow,
Proc. IMechE Pt. J: J. Eng. Tribol. 220 (2006) 767–774.
[246] C. Latorre, B. Bhushan, Investigation of scale effects and directionality
dependence on friction and adhesion of human hair using AFM
and macroscale friction test apparatus, Ultramicroscopy 106 (2006)
720–734.
[247] J.R. Smith, J. Tsibouklis, T.G. Nevell, AFM Friction and adhesion
mapping of the substructures of human hair cuticles, Appl. Surf. Sci.
285P (2013) 638–644.
[248] A.C. Dunn, J.A. Tichy, J.M. Uruena, W.G. Sawyer, Lubrication regimes
in contact lens wear during a blink, Tribol. Int. 63 (2013) 45–50.
[249] S.H. Kim, A. Opdahl, C. Marmo, G.A. Somorjai, AFM and SFG studies
of pHEMA-based hydrogel contact lens surfaces in salin solution:
adhesion, friction, and the presence of non-crosslinked polymer chains
at the surface, Biomatetials 23 (2002) 1657–1666.
[250] D. Dowson, A tribological day, Proc. IMechE Pt. J: J. Eng. Tribol. 223
(2009) 261–273.
[251] B. Zhou, Y. Li, N.X. Randall, L. Li, A study of frictional properties of
senoﬁlcon—a contact lenses, J. Mech. Behav. Biomed. Mater. 4 (2011)
1336–1342.[252] M. Scherge, S.N. Gorb, Biological Micro- and Nanotechnology,
Nature's Solution, Springer, Berlin, 2001.
[253] R.Mc.N. Alexander, Introduction to biotribology: animal locomotion,
Proc. IMechE Pt. J: J. Eng. Tribol. 220 (2006) 649–656.
[254] K. Autumn, Y.A. Liang, S.T. Hsiech, W. Zesch, W.P. Chan,
T.W. Kenny, R. Fearing, RJ. Full, Adhesive force of a single gecko
foot-hair, Nature 405 (2000) 681–685.
[255] Y. Tian, N. Pesika, H.B. Zeng, K. Rosenberg, B.X. Zhao,
Patricia McGuiggan, Kellar Autumn, Jacob Israelachvili, Adhesion
and friction in gecko toe attachment and detachment, Proc. Natl. Acad.
Sci. USA 103 (51) (2006) 19320–19325.
[256] M. Zhou, N. Pesika, H. Zeng, Y. Tian, J. Israelachvili, Recent advances
in gecko adhesion and friction mechanisms and development of gecko-
inspired dry adhesive surface, Friction 1 (2) (2013) 114–129.
[257] X. Gao, L. Jiang, Water-repellent legs of water striders, Nature 432
(2004) 36.
[258] M. Liu, S. Wang, Z. Wei, Y. Song, L. Jiang, Bioinspired design of a
superoleophobic and low adhesive water/solid interface, Adv. Mater. 21
(2009) 665–669.
[259] M.N. Vaipour, Birjandi F.Ch., J. Sargolzaei, Super-non-wettable sur-
faces: a review, Colloids Surf. A: Physicochem. Eng. Asp. 448 (2014)
93–106.
[260] Z.L. Dou, J.D. Wang, D.R. Chen, Bionic research on ﬁsh scale for drag
reduction, J. Bionic Eng. 9 (2012) 457–464.
[261] H. Chen, F.G. Rao, X.P. Shang, D.Y. Zhang, I. Hagiwara, Biomimetic
drag reduction on herring riblets of bird feather, J. Bionic Eng. 10
(2013) 341–349.
[262] T. Bachmann, S. Klan, W. Baumartner, M. Klass, W. Schroder,
H. Wagner, Morphometric characterization of wing feathers of the barn
owl Tyto alba and the pigeon Columba livia, Front. Zool. 4 (2007) 23.
[263] J. Tong, T.B. Lu, Y.H. Ma, H.K. Wang, L.Q. Ren, R.D. Arnell, Two-
body abrasive wear of the surfaces of pangolin scales, J. Bionic Eng. 4
(2) (2007) 77–84.
[264] X.Q. Bai, G.T. Xie, H. Fan, Z.X. Peng, C.Q. Yuan, X.P. Yan, Study on
biomimetic preparation of shell surface microstructure for slip antifoul-
ing, Wear 306 (2013) 285–295.
[265] C. Neinhuis, B.W. Barthlott, Characterization and distribution of water-
repellent, self-cleaning plant surface, Ann. Bot. 79 (1997) 1–8.
[266] M. Shaﬁei, A.T. Alpas, Nanocrystalline nickel ﬁlms with lotus leaf
texture for superhydrophobic and low friction surface, Appl. Surf. Sci.
256 (2009) 710–719.
[267] Y.T. Cheng, D.E. Rodak, C.A. Hayden, Effect of micro- and nano-
structure on the sel-cleaning behaviour of lotus leaves, Nanotechnology
17 (2006) 1359–1362.
[268] M.A. Samaha, H.V. Tafreshi, M. Gad-el-Hak, Superhydrophobic
surfaces: from the lotus leaf to the submarine, C. R. Mec. 340 (2012)
18–34.
[269] K. Koch, B. Bhushan, Y.C. Jung, W. Barthlott, Fabrication of artiﬁcial
lotus leaves and signiﬁcance of hierarchical structure for superhydro-
phobicity and low adhesion, Soft Matter 5 (2009) 1386–1393.
[270] R. Gordon, D. Lostic, M.A. Tiffany, S.S. Nagy, F.A.S. Sterrenbugry,
The galss menagerie: diatoms for novel applications in nanotechnology,
Trends Biotechnol. 27 (2) (2009) 116–127.
[271] I.C. Gebeshuber, H. Stachelberger, M. Drack, Diatom biotribology,
Tribol. Interface Eng. Ser. 48 (2005) 365–370.
